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Ti-6Al-4V, that was explosively welded to a 304 stainless steel plate, was ion nitrided in a
d.c. plasma. An effective nitriding was achieved due to the high dislocation density and
vacancy concentration that emaneted from the shock wave exposure of explosive welding
which, in turn, accelerated diffusion of nitrogen into the titanium matrix. Processed
Ti-6Al-4V developed a surface layer of TiN (§) followed by a Ti;N (¢) and interstitial nitrogen
containing diffusion layer of a-titanium. The growth rate of compound layer (§ + ¢) and case
depth were found to be controlled by the diffusion of nitrogen. Depending on the
temperature of ion nitriding, high Knoop hardness values, between 800 and 2520, were
obtained and these values show two to sixfold increase in the hardness when compared
with unprocessed samples. XRD results showed VN formation also, together with TiN and
Ti,N nitrides and a preferred TiN growth in (002) orientation. Interfaces between Ti-6Al-4V
and 304 stainless steel showed higher hardnesses as was seen following explosive
welding than associated cores and a small amount of recrystallization was observed

in the Ti-6Al-4V layer at the higher temperature processing. Nitriding of clad-Ti-6Al-4V

thus provides an excellent opportunity of cladding surfaces with titanium alloys, in
advanced structural applications without the expense of their monolithic

counterparts. © 1999 Kluwer Academic Publishers

1. Introduction lon nitriding, utilizing a N-Ar glow discharge
The remarkable strength-to-weight ratios of titaniumplasma, is one of the effective methods for the surface
alloys has resulted in their acceptance in aircraft andhardening of Ti alloys [4]. With this treatment, a
aerospace applications which, in turn, has reduced thediffusion layer, with a high hardness, is formed on the
prices to levels where their superior corrosion and erospecimen surface and resistance to wear and fatigue
sion resistance, as well as antifouling properties, enis improved. lon nitriding affords many advantages,
abled their use in chemical process industries [1].  such as the elimination of environmental pollution and
Explosive welding is one example of a construc-energy savings over conventional salt bath nitriding
tive application of explosives in which the energy pro-and gas nitriding [5, 6].
duced by the detonating explosive is used to acceler- Titanium nitride is of great technological interest
ate a metal plate (flyer plate) across a predeterminedwing to its unique characteristics such as extreme
distance (stand-off-distance) into contact with anothehardness, high chemical and physical stability, good
metal plate (base plate) and achieve a solid-state joirthermal and electrical conductivity and high melting
ing. Explosive welding affords the welding of two or point [7]. Titanium nitride can also be a good contact
more similar or dissimilar metals. Metal plates canmaterial for semiconductors and a promising candidate
range from a few square inches in area to a couple ofaterial for fusion reactors [8]. Moreover, nitriding
hundred square feet. At the collision point, pressures irmakes titanium very versatile. Ti and its alloys posses
the millions of psi are generated as well as strain rates ofxcellent strength-to-weight ratios, fracture toughness,
10° s~1. Due to the high pressures and associated straigorrosion resistance and bicompatibility. Nitriding of
rates, a phenomenon known as jetting occurs. Jettintitanium and its alloys can improve their wear character-
allows for the removal of the oxide layer present at thestics [9] and fatigue crack initiation resistance [10] and
weld surfaces of the plates, leaving behind perfectlyhas a great potential to expand the field of applications
clean surfaces. Under the high pressures generated gr this class of materials. Such applications include tri-
the colliding plates, the clean surfaces are forced into inbological and orthopedic devices, gears, valves, pumps
timate contact and a metallurgical bond is formed [2, 3].and numerous other engineering components involving

0022-2461 © 1999 Kluwer Academic Publishers 1641



two surfaces of contact under load and in relative mo- Although extensive use of Ti and Ti alloys exist both
tion [11]. In addition, titanium nitride coated or formed in the as received and nitrided cases, the expense is still
materials are being used for cutting and formingsuch that the use of solid Ti or a Ti alloy is as high as
tools [12]. 40 times that of a quality steel that it replaces in a given
There are several successful studies of TiN proapplication [1]. The purpose of the present study was
duction on titanium or Ti-6Al-4V substrates reported to weld Ti-6Al-4V alloy to 304 stainless steel plate and
including, for instance, reactive sputtering [12, 13],to pursue nitriding of the alloy, at different tempera-
physical vapor deposition (PVD) [14], chemical vapor tures and times, by d.c. plasma ion nitriding. Although
deposition (CVD) [15], plasma assisted chemicalmany successful studies have been reported for nitrid-
vapor deposition (PACVD) [16], ion implantation and ing Ti and its alloys, there are no reported attempts
pulse ion implantation [17], laser nitriding [18, 19] and is present to nitride and characterize Ti-6Al-4V alloy
plasma ion nitriding [20, 21]. The first four methods that was explosively joined to a 304 austenitic stainless
are deposition processes and will produce a discretsteel plate. This is aimed at decreasing material costand
TiN film on the substrate while ion implantation possibly increasing its implementation. The study also
is a physically driven line-off-sight process. Pulse sought to characterize the surfaces and interfaces pro-
ion implantation can provide a three dimensionalduced between Ti-6Al-4V and stainless steel in terms
coverage, but the process still has a depth limitatiorof microstructure and resulting properties.
and produces a fine distribution of TiN products rather
than continuous compound layer [11]. Nitriding of
titanium by laser treatment gives crack free hard2. Experimental
surfaces, but the hardness increment is less than that1. Explosive welding
obtained from ion nitriding. Conventional ion nitriding A parallel explosive welding arrangement was used to
is an alternative process to produce titanium nitride aexplosively weld Ti-6Al-4V to 304 austenitic stainless
the surface of titanium and titanium alloys. Several,steel (3.5 mm thick by 15@ 150 mm in dimensions).
successful, previous attempts have been reported ofhe steel was used as the flyer plate and the Ti-6Al-4V
the ion nitriding of titanium alloys [11, 20, 21]. lon (1.5 mm thick) as the base plate. Steel and Ti-6Al-4V
nitriding of titanium has been found to produce a thinplates were placed in machined pockets in a contain-
surface layer of TiN{) followed by TN (¢) layerand  ment plate 7.25 mm thick by 1615 mm in dimen-
an interstitial nitrogen diffusion zone in the adjacentsions. It was determined from previous experiments
a-Ti matrix. Plasma ion nitriding makes use of a glow that explosive frame heights and stand-off-distances
discharge phenomenon to produce an energetic flux ahat produced detonation velocities of 2300-2500Hs
nitrogen ions and neutrals that heats the work-pieceand flyer plate velocities of 425-510 msresulted in
sputter cleans the surface, supplies active nitrogen antgigh strength Ti-6Al-4V/304 stainless steel welds with
provides the energy for compound formation. no defects. The explosive used for the experiment was

Figure 1 Ti-6Al-4V/304 stainless steel interface showing a slightly wavy interface morphology prior to ion nitriding.
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ammonium nitrate-6% fuel oil (ANFO-6%). Following to nitriding, using 600 grit SiC paper and the Ti-6Al-
welding, explosively welded tandems were annealedlV layers were polished with 6 and Am diamond
for stress relief at 500C for 2 h duration in an argon cloth. All the specimens were ultrasonically cleaned in

atmosphere, in a tube furnace. acetone at room temperature and rinsed in methanol.
The plasma surface treatment was performed in a d.c
2.2. lon nitriding conditions plasma system which is described in [22]. The d.c. volt-

Specimens used for ion nitriding were of 3B0x  age was adjusted between 500 and 800 V, to obtain
5 mm in dimension. The specimens were ground, priothe prescribed nitriding temperature. The system was

b) 20 pm

Figure 2 Optical micrographs of the cross-sections of Ti-6Al-4V alloy ion nitrided&d at; (a) 700C, (b) 800°C and (c) 900C.
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Figure 2 (Continued.

maintained at a (+) potential and work-pieces to betimes were limited to 45-60 s on each wheel in order
nitrided were placed on the cathode. The system wat avoid the onset of unacceptable bevelling of the
evacuated to 1 Torr pressure and backfilled with Ar specimen edges. Specimens were not rotated between
for sputtering. Specimens were first sputtered in an Agrinding grades to prevent fracture of the thin nitrided
atmosphere (99.999%) pumped for two hours and thetayers. After subsequent cleaning with methanol in an
nitrogen gas was backfilled for ion nitriding. The nitrid- ultrasonic cleaner, the nitrided samples were etched in
ing was carried out at 5 Torr nitrogen partial pressurea mixture of 1.0 ml HF, 2 ml HN@and 50 ml HO.
with 99.999% purity nitrogen gas. Argon and nitrogenThe thickness of various layers formed during ion
gases were both flowed through a gas purifier operateuditriding was measured by an optical microscope and
at approximately 550C to eliminate residual oxygen. scanning electron microscopy (SEM). In addition, the
The nitriding temperature was measured using both ¢éhicknesses of the nitrided layers in the samples were
chromel alumel thermocouple, placed at the bottom ofneasured with optical and SEM micrographs to obtain
the nitrided sample and with an optical pyrometer. Thean accurate thickness. X-ray diffraction (XRD) analyse
nitriding temperatures were controlled by changing thewvere performed for phase identification. The micro-
power input. Afte 2 h of Ar sputtering at each nitrid- hardnesses of the nitrided samples and weld interfaces,
ing condition, nitriding treatments were carried out atbetween Ti-6Al-4V alloy and 304 stainless steel, were
temperatures of 700, 800 and 9@as measured by determined by means of a LECO M-400 microhardness
a thermocouple and an optical pyrometer. The nitridtester. A Knoop microhardness indenter was also used
ing periods were chosen as 3, 6, 9 and 12 h for eacto provide indentation depths across various layers. A
temperature studied. After nitriding, an attractive gold50 g load was applied for 15 s for measuring the surface
colour was observed on the sample surfaces. Energyardnesses of the nitrided samples. However, cross
for substantial diffusion of nitrogen into the Ti-6Al-4V sectional and interface zone hardness measurements
work pieces, welded to 304 stainless steel substrates, gere made by applying a 100 g load for 15 s. Since
assumed to be provided by the kinetic energy transfethe sample surfaces of the nitrided pieces were already
generated by the ion bombardment [11]. polished prior to nitriding, the nitrided surfaces were
perfectly polished for surface hardness measurements;
only the use of 0.2%xm diamond cloth was needed to
2.3. Characterization reveal a smooth and shiny surface.

The cross-sectional samples of nitrided pieces were

mounted in a bakalite/SiC mixture to ensure edge

retention. Specimens were ground through successiv@ Results

SiC paper grades of 120, 240, 320, 400 and 6003.1. Microstructural features

and polished with 6 and m diamond clothes and Metallographic examination of the welded interface,
finally finished with 0.05«.m alumina cloth. Polishing between Ti-6Al-4V alloy and 304 stainless steel,
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shows the interface to exhibit a slight waviness, Plasma nitrided Ti-6Al-4V at 700, 800 and 9GDfor
although with no vorticity that can be delineated at3, 6, 9 and 12 h resulted in the formation of different
even high magnifications. Figs 1a and b show the aphases depending on the treatment temperatures. The
welded microstructures at two different magnificationscross-sectional micrographs show that increasing the
following the etching of the Ti-6Al-4V plate. The nitriding temperature caused the formation of several
absence of vortex formation, melting or intermetallic distinct phases in the nitrided case. Fig. 2 shows opti-
formation is quite evident. cal micrographs of the cross-sections of samples, which

Figure 3 Optical micrographs of the cross-sections of Ti-6Al-4V alloy ion nitrided for 12 h at; (a)@0(b) 800°C and (c) 900C.
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Figure 3 (Continued.

were nitrided at 700, 800 and 900 for 6 h. In addi- a compound layers and followed by a solid solution of
tion, Fig. 3 presents ion nitrided cross-sections, for 12 hx-Ti.

at 700, 800 and 90. Figs 2 and 3 reveal that nitride  To support the microstructural findings, XRD anal-
layers grew parallel to the surface of the work piecesysis were performed. For brevity, only the XRD pat-
The overlayers consist of TiNY phase followed by a tern of 6 and 12 h nitrided samples, at 700 and 90
layer of TN (¢) and subsequently a thick layer of solid are illustrated in Figs 6 and 7 respectively. All ion ni-
solution of nitrogen in Ti starting from outer surface. trided samples showed the presenceé-diN and e-
Although these distinct layers are not clearly seen irTi,N phases in their compound layers. Increasing the
the optical micrographs of samples nitrided at 700, anahitriding temperature and time resulted in the increase
800°C, they were verified by the XRD diffraction anal- of the growth ofs-TiN ande-TioN phases and decrease
ysis. The formation of these layers is consistent within the «-Ti phase. Especially at low temperatures, a
the phase diagram of Ti-N [23] and previous successfuletragonal (b.c.) VN phase developed in (002) peak.
Ti nitriding studies [11, 20, 21]. Figs 2 and 3 show thatIncreasing nitriding temperature caused a gradual de-
increasing the nitriding temperature and time causedrease in the VN peaks. Samples nitrided at@dor

a gradual increase in the thickness of the nitrided lay412 h, showed no indication of VN phase in the XRD
ers. The increase in the nitriding temperature resulte@nalysis. XRD patterns reveal that, in all the nitrided
in the clear appearance 6f ¢, and«-Ti solid solu-  work-pieces, thé phase developed a strong (200) peak
tion phases. To reveal these distinct phases to be se@rhereas the phase developed strong (111) and weaker
more visible in the specimen, a sample was nitrided002), (311), (202) and (213) at 700 nitriding condi-

at 900°C, for 12 h; its microstructure is illustrated in tions. Increasing the nitriding temperature resulted in a
Fig. 4 at two magnifications. Fig. 4a is the low magnifi- strongs (002) peak and weaker (111), (311) and (202)
cation image of the microstructure which shows the topeaks.

surface layer to consist of TiN and;N precipitation,

followed by a nitrogen stabilized single phaseolid

solution. Below this region, the recrystallizadgohase  3.2. Growth kinetics

can be clearly seen. The volume fraction of fhghase  Kinetics of nitride layer growth on Ti-6Al-4V, present
increases as the nitrogen content decreases. Finally, thheaterial was studied for the layer composed &f ¢,
core of the specimen contains the equilibriat= 8 named herein as the compound layer, and for the over-
mixture. As shown in Fig. 4b, a thifiphase is clearly all nitrogen rich layer starting from the edge of the
seeninthe optical micrograph as the light section on ther + 8 core structure and compound layer. This com-
edge. The intermediatephase is more prominentinthe posite layer is called the case thickness or case depth.
microstructure of Ti-6Al-4V alloy, nitrided at 90€.  As shown in Figs 8a and b, the growth of the compound
Fig. 5 shows SEM cross-sectional view of nitrided Ti- layer ¢ + ¢) and the case depth ¢ § + (nitrogen dif-
6Al-4V, at 900°C for 6 h. In Fig. 5, at the edge of the fuseda-rich structure)) obeyed a simpl&'? relation-
cross-sectiond-TiN ande-TioN phases are formed as ship. Nitriding of the Ti-6Al-4V alloy fo 3 h produces
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Figure 4 Optical micrographs of the cross-sections of Ti-6Al-4V alloy ion nitrided at*@fbr 12 h showing; (a) the nitrided case and (b) compound
layer.

a 1.73um compound layer at 70C. Increasing nitrid-  increment in the case thickness which measured ap-
ing temperature to 90 gives 4.38um thickness in  proximately 20Q.m at 900°C for 12 h nitrided sample.
compound layer for ta 3 h nitrided sample. Increas-

ing nitriding temperature and time, thus, resulted in

the gradual increase in compound layer which reache8.3. Hardness measurements

9.62 um for the sample nitrided at 90C for 12 h.  To evaluate the effects of nitriding time and tempera-
Similarly, increasing temperature and time caused ature on the extent of nitrogen diffusion, microhardness
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Figure 5 SEM micrograph of the cross-section of Ti-6Al-4V alloy ion nitrided at 90Gor 6 h.

transverses were carried out on samples which werg. Discussion
treated at 700, 800 and 900 for different exposure Microscopic examinations, XRD analysis and micro-
times. The effect of nitriding temperature on the mi- hardness evaluations on cross-sections of nitrided spec-
crohardness of Ti-6Al-4V is illustrated in Fig. 9. For imens indicated the formation of two nitride layeés (
brevity, only the microhardness values of the sam-TiN and &-Ti,N) followed by an interstitial nitrogen
ples that were nitrided for 3 and 12 h are presenteddiffusion zone in the Ti-6Al-4V alloys ion nitrided sub-
A significant increase in the Knoop hardness, up tosequent to their explosive welding onto 304 stainless
2520 kg/mnd, is observed in the nitrided surfaces whensteel plates. Similar observations have been made pre-
compared with about 384 in the original sample thatviously following ion nitriding of the same alloy at high
was explosively welded to 304 stainless steel. Nitrid-temperatures (800 to 90Q) [22, 24]. Fig. 11 shows
ing at high temperatures also resulted in high hardnesthis layer morphology in a fractured cross-section of
values. Even at lower temperatures (7G) as values a nitrided Ti-6Al-4V specimen. The compound layer
high as 1714 hardness value were obtained. Nitridinds-TiN and s-Ti,N) has separated from the Ti solid
at 900°C for 12 h produced maximum surface hard-solution during this severe fracturing of the sample.
ness values around 2520, which is at least a sixfoldAforementioned studies, based on nitriding of Ti and
increase over the original microhardness of the unproTi alloys, showed a gradual increment of the hardness
cessed specimen. in the nitrided layers [11, 20]. In general, Ti-6Al-4V
Interface hardness values between Ti-6Al-4V andalloys produced higher hardness values than pure Ti
304 stainless steel were measured and only the realloys. Metin and Inal [20] obtained 1700 HV for Ti
sults of the sample that nitrided at 9@ for 12 h  and Ti-6242S alloy with 1080C nitriding tempera-
are presented in Fig. 10. The microhardness profilegure. Kembaiyaret al. [21] measured a maximum of
in Fig. 10, for the as welded and nitrided transition 1800 Knoop microhardness value for Ti-6Al-4V alloy
joints, the hardness values decreased with an increasdtrided at 900C for 16 h. Muraleedharan and Meletis
in treatment temperature, possibly due to an anneaf11] obtained around 1500 HV values for Ti-6Al-4V al-
ing effect. Microscopic observations showed no ex-loy nitrided by intensified plasma at 480 for 16 h. The
traneous phase formation that could be detected giresentresults showed 700—1000 higher microhardness
the interface after ion nitriding. Samples that werevalues when compared with these studies. This is be-
treated at 800 and 90CQ, for long exposure times, lieved, herein, to be due to the shock wave induced
showed a slight amount of recrystallization adjacentgeneration of excessive defect substructure, which is
to the interface in the Ti alloy. However, hardness val-stable during processing, and this leads to its continual
ues at the interfaces were still higher than core hardeontribution to enhanced nitrogen diffusion.
nesses for either the Ti-6Al-4V alloy and the stainless Ti-6Al-4V alloys have been reported to show tremen-
steel. dous response to ion nitriding. It was reported by
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Figure 6 XRD patterns for Ti6-Al-4V alloy ion nitrided fio6 h at; (a) 700C and (b) 900C.

Muraleedharan and Meletis [11] that the compoundTi-6Al-4V alloy nitrided for 16 h at 900C. WDS anal-
layer in pure titanium is always thicker than that of Ti- ysis revealed the depletion of vanadium in the nitrided
6Al-4V, whereas the opposite was pointed out for thelayer of Ti-6Al-4V. They further substantiated the par-
diffusion layer. Similar observations have been madditioning of vanadium by Auger electron spectroscopy
by Rie and Lampe [24]. Boriskiret al. [25] found that  (AES), which showed a significant vanadium peak to
aluminum additions to titanium increase the nitrogenbe present in the core of the sample but its disappear-
diffusion rate. Rie and Lampe [24] reported that, in theance in the nitrided layers. The depletion of vanadium
titanium alloys, that contain some of aluminumAiN in the vicinity of the surface thus stabilizes the HCP
phase is formed beneath the TiN angNlayers. Inthe  « phase and nitriding results in mainly the formation
dual @ + B8) phase alloys the aluminum stabilizes theof a solid solution of nitrogen in the phase. This

a phase, while vanadium acts as3astabilizer. Pre- possibly is one of the reasons that case thicknesses
cipitation of AIN in the nitrogen rich case or forma- increase to approximately 2Q0m in this Ti-6Al-4V

tion of TiLAIN are possible but these phases were noglloy. XRD results showed strong peaks of (200) for
seen in our XRD analysis. As indicated in the XRD §-TiN and (111) fore-Ti,N. The high intensity peaks
patterns, especially for samples produced at low temef the nitrides is expected to have a significant effect
peratures, the VN phase with a tetragonal b.c. crystabn the properties of the nitrided materials. For exam-
structure was identified in the surfaces of the nitridedple, Matthews [26] has shown that a (111) texture of
sample. Increasing the nitriding temperature resulted ithe TiN has an adverse effect on its wear resistance.
decrease and even disappearance of this nitride phaseTie present results indicate that explosive welding and
900°C treatment temperatures. Kembaiyatral. [21]  subsequent nitriding produces more desirable nitride
carried out microanalysis along the cross-section userientations and a beneficial effect on the properties is

ing wavelength dispersive spectrometry (WDS), on theexpected.
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Figure 7 XRD patterns for Ti6-Al-4V alloy ion nitrided for 12 h at; (a) 706G and (b) 900C.

In explosively treated metals, dislocation and pointthe component metals. In the present work, the hard-
defect substructures are generated by the passage mdss of Ti-6Al-4V alloy was measured as 384 by Knoop
shock waves [27]. Kressel and Brown [28] reported thaindention after explosive welding treatment. The as-
vacancy and interstitial concentrations are three to foureceived hardness of Ti-6Al-4V alloys hase been re-
times higher after shock loading than after cold rolling.ported to be between 300 and 350 HV [11, 21]. The
The enhancement in nitrogen diffusion observed hereiigh hardnesses obtained in the present study may be
is believed to be due to the shock loading generated dexnother advantage that results in the maintenance of
fect substructure, as stated earlier. In the present studigigh hardness values after the nitriding procedure. Itis
the thicker compound and case layers and related higheeported by Yasumaret al. [30] that cracking occurs in
hardness values are consistent with this hypothesis. B&iN films owing to the plastic deformation of substrates
cause of this high defect concentration, it is believedand thus, the good contribution of TiN formation cannot
that the formation of VN also took place and the syner-be realized. The fact that an extensive defect substruc-
gism of the dual nitride formation resulted in the muchture, induced by shock wave passage, was in existence
higher hardness values. This was also observed in ouin our samples possibly led to better accommodation of
previous studies that incorporated Al, Cr and Al + Crthe TiN precipitates since no cracking was observed in
as the nitridable specie content of steels ion nitridedour microstructures.

[29]. XRD results did not show any AIN and;AIN

phases in the present work and, transmission electron

microscopy (TEM) studies are needed to investigate th8. Conclusions

presence of these nitrides. 1. Ti-6Al-4V alloy, explosively welded onto a 304 stain-

Shock loading in explosive welding results in exten-less steel plate was successfully ion nitrided in a d.c.
sive work hardening of the welded metal componentsplasma system. An attractive gold colour on the sam-
This is easily verifiable through increased hardness oples was produced by this process.
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Figure 8 Growth of (a) compound layes (- £) and (b) nitrided case as  Figure 9 Variation of microhardness across the cross-section of the ion

afunction of processing time and temperature in Ti-6Al-4V alloy welded Nitrided Ti-6Al-4V samples at 700, 800 and 9UD temperatures for;
to 304 stainless steel. (a) 3 hand (b) 12 h ion nitriding times.

2. The compound layei ¢ ¢) and the case depth
were determined to be approximately 10 and 26tre-
spectively. These large thickness values were attribute

800

STEEL Ti-6Al-4V |

to the higher diffusion rate afforded of the high dislo- [A: As-welded 1 700
cation density and vacancy concentration produced k| B:700°C ]
shock waves during explosive welding. g ggg o(é 1 00

3. In explosively welded Ti-6Al-4V samples, ion ni- 2
triding offers a hard case, as high as 2520 Knoop harc ] g
ness, as compared to 384 of the unprocessed sample 1300

4. Various layers, TiN, TN and a solid solution of ] g
nitrogen in thex phase, in sequence from the surface A 4 400 ¥
were identified by XRD. XRD analysis also showed the A B |
presence of the VN phase, especially at low nitriding S | 100
temperatures. B

5. Optical metallography and microhardness mea 1
surements showed that growth rate of nitridec : : 200

layers is controlled essentially by volume diffusion of-1000 -750 -500 -250 0 250 500 750 1000
nitrogen through the nitrided layer. Distance From Interface, pm
6. lon nitriding of explosively welded Ti-6Al-4V o _ _ ,
inl teel plate. could lead to a reduc Fglfure 10 As-weld_ed and ion nltrldeq T|-6AI-4y/304 stainless stge_l in-
onto a 304 stain es§ S p_ ' q face; Knoop microhardness profiles showing the effect of nitriding
cost expense of this materials in use and to materiakmperature and time to the interface and bulk materials in the 12 h
coverage with Ti-alloys that afford benefit of a high nitrided condition.
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Figure 11 SEM micrograph showing the compound lay&r{s) and«-Ti phase separated from each other in the fractured surface of a sample

nitrided for 12 h at 900C.

hardness with good toughness of a core for structurails
applications.
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