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Abstract

This study investigated suitability of TiN- and TICN-coated cemented carbide tools in the machining of conventionally produced stainless
steel with hot isostatic pressed (HIPed) NiTi coating. Near-equiatomic nickel-titanium alloy (NiTi) has many attractive material properties,
such as pseudo-elasticity and shape memory effects, which result into beneficial engineering properties, e.g. as cavitation resistant coatings
in addition to its well-known shape memory properties. Stainless steels are often considered to be poorly machinable materials; materials
with high elasticity are also difficult to machine. In drilling stainless steel with a pseudo-elastic-coating material, machinability difficulties
are caused by the high strength and work hardening rate of steel and the pseudo-elastic properties of the coating material. In this study,
drilling tests were carried out by a machining center. The machinability was studied by analyzing cemented carbide drills and chips.
The interface between stainless steel and NiTi coating was examined with scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) analysis. The effect of feed rate on chip formation and tool wear was analyzed. The cutting tests indicated that cutting
speeds of 50 m/min, a feed rate of 0.1-0.2 mm/rev, and solid carbide drills can be applied, from a machinability standpoint. A HIPed
pseudo-elastic coating decreases machinability. When effective cutting speeds and feed rates were utilized, optimal tool life was achieved
without a decrease in coating properties.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction properties [2,3]. Nevertheless, both technical and commer-
cial limitations arise when NiTi is considered as a material
Austenitic stainless steels are considered to be difficult for large engineering components. Consequently, interest in
to machine. Built-up edge (BUE) and irregular wear sit- NiTi-coating technologies is on the rise.
uations are often faced in machining operations. Difficul- One of the principal challenges in NiTi coating is how to
ties from the machining point of view increase when du- achieve adequate adhesion between NiTi and the substrate
plex and high-strength stainless steels are to be machined material. Explosive welding has been used successfully as
[1]. a NiTi-coating method [4,5]. However, due to the nature of
One important characteristic of shape memory alloys explosive welding, the surface to be coated must not have
(SMAs) is their super-elastic property. The NiTi poly- a very complex geometry. Thermal spraying has also been
crystalline SMA has, due to its unique bio-compatibility investigated, but, unfortunately, thermally sprayed NiTi on
and super-elasticity, been successfully used to manufac- steel substrates has been reported to have poor adhesion. It
ture medical devices in recent years. One of the most has been suggested that the poor adhesion is due to a thermal
dramatic-appearing examples is the utility of super-elastic expansion mismatch between the coating and the substrate
coatings. Near-equiatomic nickel-titanium alloys (NiTi) [5]. Fusion-welded coatings suffer from poor adhesion be-
have many attractive properties for engineering applica- cause of the formation of brittle inter-metallic reaction layers
tions, such as pseudo-elasticity and good cavitation resis- [6].
tivity, in addition to their more well-known shape memory It is known that hot isostatic pressing (HIP) can be used

to produce bulk NiTi components from powders [7-9]. In

the present study, machining of NiTi-coated stainless steels
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Table 1

The nominal composition (%) of the steel used in the drilling experiment
C 0.03

Mn 120

S 0.015

P 0.04

Cr 184

Ni 9.2

Si 0.4

v 0.06

2. Materials

The samples used in the drilling tests were firstly ma-
chined from the stainless steel blocks (X2CrNi 1911). The
nominal composition of the test steel is presented in Table 1.
The capsule (Fig. 1a) for HIP operation was welded from
stainless steel plate (AISI 316) onto this block. The cap-
sule was filled with rotating disc atomized NiTi powder
(FUKUDA®) with an average particle size of 0.23 mm and
composition 49.4 +4.7 at.% Ni and 50.6 +-4.7 at.% Ti. The
target bulk material composition (Ni/Ti) is 50/50 at.%, which
is 55/45wt.% (see Fig. 1b). After the HIPing of the NiTi
powder onto the block, the capsule was removed with a solid
carbide milling tool for later drilling tests.

3. Methods

The HIP treatment was used to sinter coatings from NiTi
powder on the base material block. These samples were
mounted in a stainless steel capsule that was evacuated to a
pressure of 10> mbar. The HIPing parameters were 900 °C,
100MPa, and 3 h. The cooling rate was 4.6 K/min.

Drilling tests were carried out using a horizontal ma-
chining center. The tests used TiCN- and TiN-coated ce-
mented carbide drills with a diameter of @ 8.5mm, at a
cutting speed of 50 m/min and feed rates of 0.1, 0.15, and

@
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0.2 mm/rev. Drilling tests were done both with and without
through-spindle cooling. Pseudo-elasticity of the HIPed NiTi
coating was tested with Vickers hardness measurements, us-
ing a load of 9.81 N.

From the drilled test piece, cross-sectional samples were
cut out along the drill axis. These samples were polished
and etched with picric acid and with NaOH-water solution
with electrolytic etching.

The NiTi powder and HIPed coating cross-sections, and
cross-sections of the drilling test samples, were studied in
detail with an optical microscope (OM) and scanning elec-
tron microscope (SEM). The NiTi powder was collected on
an electrically conductive graphite adhesive, and the pow-
der sample on the adhesive was studied with the SEM and
analyzed with an X-ray analyzer (EDS), which can detect
sodium (Na) and elements heavier than that. The compo-
sitions of the particles (N = 15) and that of the details
in the drilling test cross-sections were determined from the
X-ray spectra using a correction factor program (ZAF). The
X-ray lines used in the analysis were iron (Fe), chromium
(Cr), manganese (Mn), nickel (Ni), titanium (Ti), and silicon
(Si). To calibrate the magnification of the microscope and
to perform the X-ray analysis, ASTM practices E766-98,
E1508-98, when applicable were used, respectively. In SEM
images obtained with a 25 kV acceleration voltage at a work-
ing distance of 20 mm, the error in the magnification is +2%.
The smallest detectable content in the X-ray analysis is ap-
proximately 0.3-0.5% for metals, depending on the compo-
sition of the material analyzed.

4. Results

The HIPed NiTi coating is shown in Fig. 2. The NiTi
powder has sintered into solid material, in which only some
inter-granular pores could be detected. The hardness was
tested with a Vickers-hardness measuring device, from both

®)
Fig. 1. (a) The HIPing capsule and (b) NiTi powder used in the experiment.



624

J.A. Paro et al./Journal of Materials Processing Technology 153-154 (2004) 622-629

Fig. 2. NiTi coating after HIPing—magnification 200x.

the steel and the NiTi coating. The hardness print of the
steel shows a typical Vickers imprint (Fig. 3a) on the steel
surface, whereas the imprint on the NiTi coating shows re-
traction of the material on the imprint edges (Fig. 3b). The
retraction is due to the pseudo-elastic nature of the NiTi
coating.

The interface between the coating and the steel was
studied after making longitudinal polished and etched
cross-sections from the drilled hole edge and drilling chips.
The interface between the coating and base material is
shown in Fig. 4a and b.

The interface between the HIPed NiTi coating and the
steel showed two distinct features. First, there was a layer of
iron that diffused into the NiTi coating; this had a thickness
of approximately 20 wm. The second feature is the layer on
the steel side, which was enriched in chromium to a level of
28.4% Cr due to the diffusion of iron into the NiTi coating
(Table 2, Fig. 4b). Also, titanium diffusion into the steel
surface layer, a few micrometers in thickness, was observed.

A more detailed study of the interface layer on the steel side
showed internal structure in the layer, which seems to form
more easily in the ferrite phase than in the austenite phase
of the steel (Fig. 5a and b).

The results presented in Table 2, from the points in Fig. 4b,
show diffusion of iron and chromium into NiTi. The diffu-
sion of iron is stronger than that of the chromium, leading to
the observed chromium enrichment at the steel-edge layer
(Figs. 4b and 6, points 21-25).

The cutting edges with TiN and TiCN-coated drills that
were examined by SEM analysis are shown in Fig. 7a and
b. Fig. 7a shows the unused cutting edge of a solid carbide
drill, and Fig. 7b shows the edge after drilling without in-
ternal through-spindle cooling and with a machining speed
of 50 m/min and feed rate of 0.1 mm/rev. The same cutting
edge was analyzed with SEM and EDS (Fig. 8b).

A nickel- and titanium-rich layer was found at the cutting
edge between the edge and the steel chip adhering to it
(Fig. 8a and b).

Fig. 3. SEM images of (a) the Vickers hardness indentation (HV1) in the steel and (b) Vickers hardness indentation (HV1) in the NiTi coating.
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Table 2
The EDS element analysis at points presented in Fig. 4b
Analysis Fe (%) Cr (%) Ni (%) Mn (%) Si (%) Ti (%)
Points 1-5 1.8 £ 0.1 n.d. 498 £ 25 n.d. n.d. 48.1 £ 24
Points 6-10 5.1+ 0.1 04 £ 0.1 46.0 £ 05 n.d. n.d. 484 £ 0.5
Points 11-15 85+ 02 0.7 £ 0.1 424 £ 03 n.d. nd. 483 + 04
Points 16-20 406 + 24 75 £ 04 122+ 1.0 0.4 £ 0.1 ~03 389 + 2.7
Points 21-25 51.7 £ 32 284 £ 19 51+ 04 0.8 £ 0.1 ~0.2 138 £54
Points 26-30 675 £ 0.2 193 £ 05 11.6 £ 0.5 ~1.0 ~0.3 ~0.3

A change in chip morphology was detected between the
NiTi coating and steel chips. First, when the NiTi coating
is drilled, the chip is deformed strongly. The chips are con-
ical and strongly spiral in form. Second, when the drill has
reached the interface between the NiTi coating and stain-
less steel, the shape becomes that of conventional stainless
steel chips. The chips encountered during the drilling oper-
ation were also red-hot. These chips, produced at a cutting
speed of 50 m/min and feed rate of 0.1 mm/rev, are shown
in Fig. 9a.

In Fig. 9b is presented a stainless steel and NiTi chip
boundary. A detailed image of the interface (Fig. 10a)
shows good adhesion between the materials, even when

the NiTi’s pseudo-elasticity has been exceeded during the
drilling (Fig. 10b).

Fig. 11a and b shows the influence of feed rate on the NiTi
coating’s structure after drilling. In Fig. 11b, a cutting speed
of 50 m/min and feed rate of 0.1 mm/rev were used, whereas
for Fig. 10a the feed rate was increased to 0.3 mm/rev. Cut-
ting fluid through spindle during these drilling operations
was not applied. Fig. 11b also shows the points for EDS
analyses, with results listed in Table 3. No apparent diffu-
sion of steel or NiTi elements over the adhered interface was
found. The NiTi grains nearest to the drill hole showed a
size increase on account of heat. This was not found in the
bulk material.

o

Fig. 4. (a) Optical micrograph of the NiTi coating and stainless steel interface

EDS element analysis. Etched with picric acid.

Fig. 5. (a) The NiTi coating and steel interface after electrolytic etching in NaOH-water solution and (b) a detail from the interface on the steel side in

the layer with analysis points 21-25 in Fig. 4b.
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Fig. 6. (a, b) The workpiece of stainless steel with NiTi coating used in drilling tests and (c) a TiN-coated @ 8.5 mm solid carbide drill used in drilling

tests showing chip buildup on the cutting edge.

¥ LI

Fig. 7. (a) SEM image of an unused TiCN- and TiN-coated solid carbide drill’s cutting edge and. (b) the built-up edge (BUE).

With optimum machining parameters, some expiration of
the grain boundaries of NiTi was detected (Fig. 12a and b).
This sample was produced at a cutting speed of 50 m/min
and feed rate of 0.1 mm/rev by applying coolant through
the spindle. In comparing Figs. 11b and [2a, the effect
of cooling can be seen in decreased steel buildup on the
NiTi. Also, the surface topography was found to be much
smoother than with inferior cooling properties or higher feed
rates.

V/5

5. Discussion

The stainless steel workpiece with NiTi coating was pro-
duced by HIP treatment, and sufficient adhesion properties
were achieved. After a machining operation was performed
on the capsule, the interface between the stainless steel
block and NiTi coating was intact. The drilling experiments
showed that the tool wear mechanism for NiTi-coated stain-
less steel was similar to that with conventional stainless steel.
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Fig. 10. (a) A detail from Fig. 9b, showing deformation of the stainless steel and NiTi interface in the chip and (b) a detail of the deformed NiTi coating
detected in the chip when the load had exceeded the pseudo-elasticity of NiTi during drilling.
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Table 3

Point analyses of drilled NiTi hole with stainless steel buildup layer (Fig. 11b)

Analysis Fe (%) Cr (%) Ni (%) Mn (%) Si (%) Cu (%) Ti (%)
Points 1-5 68.2 £ 0.2 198 £ 05 10.6 £ 05 ~0.9 ~0.3

Points 6-10 08 +03 0.2 551 +£02 ~0.2 43.7 £ 02
Points 11-15 551 +£03 447 £ 03
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Fig. 11. SEM images of holes drilled in the NiTi coating: (a) cutting speed of 50 m/min and feed rate of 0.2 mm/rev, showing rough surface structure;

(b) 0.1 mm/rev, showing steel buildup on the drilled hole wall.

33mm

Fig. 12. SEM images of drilled NiTi coating with optimum cutting speed of 50 m/min and feed rate of 0.1 mm/rev, with cutting fluid applied through

the spindle.

The interface between steel and the NiTi coating was
studied via SEM and EDS analyses. For future investiga-
tion of the microstructure of the interface between stainless
steel and NiTi coating, transmission electron microscopy
(TEM) should be carried out to map out the microstructure
in heat-affected diffusion layers originating from the HIPing
process.

The first drilling showed strongly deformed chips which
have been red-hot. Their deformation may be related to shape
memory effects. The opening chips also showed good ad-
hesion between NiTi and stainless steel, as these chips were
found to be unbroken. The formation of the BUE detected in
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drills might have been enhanced by the tool coating (TiCN
and TiN), which in turn also merits further investigation.

When sensitive feed rate values are used, the drilled hole
wall remains smooth, with only a small amount of steel
stuck to the NiTi. Increasing the feed rate causes the surface
topography to be roughened. Using internal cooling through
the spindle in solid carbide drills makes the hole surface
topography even smoother.

The NiTi diffusion layers were found to be affected by the
heat from HIPing, and the NiTi grain boundaries affected
by the strong plastic deformation during drilling operations
in the vicinity of the hole wall.
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6. Conclusions

From the results obtained in the study, the following con-
clusions were drawn. The drilling of NiTi-coated stainless
steel with sufficient cutting parameters is possible without
severe tool wear. A cutting speed of 50 m/min and feed rate
between 0.1 and 0.2 mm/rev with solid carbide drills and
through-spindle cooling should be applied. Tool wear mech-
anisms in through-spindle cooling are similar to those en-
countered with stainless steel.

The macroscopic geometry of stainless steel chips with
NiTi coating differs from conventional stainless steel chips.
The opening chips are constructed from the NiTi con-
catenated with conventional long stainless steel chips, and
the adhesion in the interface layer between NiTi coating
and stainless steel remains intact in the chip formation
process.

There are stainless steel residues on NiTi drilled hole
walls. An increased supply of cutting fluid has an advan-
tageous effect on the surface properties of the hole. The
amount of stainless steel adhering to the NiTi walls is de-
creased when cutting fluid is injected through the spindle.
An increase in feed rate will decrease the surface quality of
the drilled hole.

Strongly deformed layer on the drilled surface of NiTi was
observed been deformed in excess of the pseudo-elasticity.

There is a diffusion layer of iron in the NiTi coating,
and there is also a layer extending inward on the steel
side, which has been enriched in chromium due to the HIP
process.
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