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High-speed steel circular saw blades are widely used in industry for a variety of cut-off
operations that require a combination of high-dimensional accuracy and a good-quality
surface finish. The authors have been involved in an extensive programme of work to
evaluate the effectiveness of applying advanced surface engineering treatments to enhance
the performance and life characteristics of this form of tool. The work included optimizing
cutting conditions with respect to tool performance when machining different workpiece
materials, characterizing the wear mechanisms developed throughout tool life, and
evaluating of the effect of different substrate surface preparations and advanced surface
engineering treatments on the performance and wear characteristics of the tool.

One interesting feature to arise from the work that has not been reported elsewhere has
been the notable variation in performance and wear characteristics of nominally identical
tools machining materials with similar hardness. The current paper compares the
performance and wear characteristics of high-speed steel circular saw blades machining a
tool steel and a nimonic nickel-based alloy (340-390 H,). These are termed “difficult to cut”
materials because of their poor machinability. A comparison is also made of the
performance and wear characteristics of an Inconel nickel-based alloy and a low-carbon
steel (120-150 H,)), both of which exhibit good machining characteristics. Differences
identified between the resulting wear mechanisms emphasize the difficulties inherent in
developing a universal tooth geometry and advanced surface engineering coating system
that would be effective for all machining applications. © 2000 Kluwer Academic Publishers

1. Introduction Another significant factor is the mannerin which single-
Through improved frictional, thermal, and wear- point and multipoit cutting tools wear. Single-point
resistance characteristics, advanced surface enginedools, such as indexable inserts, are relatively simple in
ing treatments have been successfully applied to indexheir metal removal characteristics, and to a great extent
able inserts [1] and high-speed steel drills [2], enablinghe resulting wear mechanisms are both cosistent and
themto operate at higher feeds and faster cutting speeds;edictable. The chip formation and wear mechanisms
without coolant and over a wider range of applications.associated with multipoint cutting tools are far more
Comparable benefits have yet to be fully realized whertomplex, inconsistent, and unpredictable [4].

applying the same technologies to multipoint cutting The current paper compares the performance and
tools such as saws, milling cutters, and broaches. Faevear mechanisms associated with high-speed steel cir-
tors that have adversely affected the application of adeular saw blades cutting two materials with character-
vanced surface engineering coatings to this form of tooistic poor machinability, namely AISI O1 tool steel and

include Nimonic PK31 nickel-based alloy. AlSI O1 is a stan-
dard abrasion-resistant tool steel commonly used for
1. quality and consistency of manufacture [3] hammers, chisels, and soon whereas Nimonic PK31 is
2. sizelimitations/access restrictions within the coat-highly resistant to creep, fatigue, oxidation, and ther-
ing chamber mal shock and is used for applications that require high
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Figure 1 Circular saw geometry.

strength and durability under severe thermal conditions2. Experimental and evaluation techniques
most notably in jet engines. These materials have a sinCircular saw blades are used for industrial cut-off op-
ilar hardness: 340-390,H erations that require a relatively high degree of di-

A second comparison of the performance and weamensional accuracy. The product is manufactured to
characteristics is made for the same tool cutting two maa higher specification than either band saw or hacksaw
terials with a characteristic good machinability, namelyblades are, thus giving greater potential for success in
Inconel 600L nickel-based alloy and AISI 1018 carbonterms of enhanced performance, tool life, and range of
steel in an annealed condition. Inconel 600L nickel-application when applying advanced surface engineer-
based alloy exhibits high resistance to oxidation andng coatings.
corrosion resistance at high temperatures and isused for In the current work, M2 high-speed steel circular
components that require a long service life while opersaw blades, 250 mm in diameter, 2.5 mm in thickness,
ating under thermally hostile conditions. AlIS1 1018 is awith 160 teeth, were used to machine 20-mm square
standard grade of carbon steel used for lightly stressedlorkpiece sections. The teeth of the blades were of
parts produced by cold-forming processes. Both matethe Heller profile, ground to the alternate rougher and
rials have a similar hardness: 120-15Q H finisher tooth configuration shown in Fig. 1.

Analysis of blade performance highlights the rela- Techniques have been developed to evaluate the op-
tively poor machinability of the nimonic nickel-based timum performance and the performance throughout
alloy compared with the other workpiece materials;life of a blade by testing either segments that contain a
comparison of the resulting wear mechanisms empharepresentative rougher and finisher tooth or full blades.
sizes the difficulty in developing a universally appli- Full details and verification of the technigues are pub-
cable tool geometry and surface engineering coatingished elsewhere [5]. For the current test programme,
system. blade segments were used.

TABLE | Workpiece material composition (%) and hardnesg) (H

Material C Ni Cr Al Ti Co Mo Nb H
AISI O1 Tool Steel 1.0 — 0.5 — — — — — 389
Nimonic PK31 — 53.0 20.0 0.4 2.4 14.0 45 5.0 340
Inconel 600L — 76.0 155 — 0.3 — — — 146
AISI 1018 Steel 0.18 0.19 0.195 — — — — — 127

(AISI 1018 also contains Mn, 0.78%; Si, 0.21%; S, 0.022; and P, 0.022)
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Figure 2 Microstructure of O1 tool steel; (23500, (b)x1500.

3. Workpiece material analysis graphs in Fig. 2 show the material to have a pearlitic
The composition and hardness of the workpiece materimicrostructure.
als used in the current investigation are given in Table I.

3.2. Nimonic PK31 nickel-based alloy

3.1. AISI O1 tool steel The micrograph in Fig. 3a identifies titanium nitride

Components manufactured from this material are usugdark) and niobium carbides (light) distributed through-
ally heat treated after machining, so they are not maeutthe microstructure of the material. This is confirmed
chined to size at this stage because some distortioby the X-ray distribution maps shown in Fig. 3b and c,
is likely. When machined, AISI O1 is an abrasion- respectively. At higher magnification, the presence of
resistant material that tends to work harden and progamma prime within the matrix and carbide precipi-
duce tough chips that are difficult to break. The micro-tation (M3 Cg) along grain boundaries has also been
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Figure 3 Microstructure of Nimonic PK31 nickel-based alloy (ay00, (d)x5000; (b) Ti; and (c) Nb X-ray distribution map700.
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Figure 4 Microstructure of Inconel 600L nickel-based alloy, &300; (b) Ti X-ray distribution mapx 700.




identified, Fig. 3d. The presence of these hard particle8.4. AISI 1018 carbon steel

promotes abrasive wear if conditions allow; however,The micrographs in Fig. 5 show predominantly a ferrite
work hardening and adhesive wear predominate whemicrostructure with small areas of pearlite.

this material is machined.

4. Experimental results and discussion

3.3. Inconel 600L nickel-based alloy 4.1. Cutting tests

The micrograph shown in Fig. 4a shows particles of tita-The tools were tested to determine the optimum cutting
nium nitride dispersed throughout the microstructure conditions for machining each material and to monitor
This is confirmed by the X-ray distribution map for tool performance throughout its useful life when oper-
titanium shown in Fig. 4b. The presence of the titaniumating under optimized cutting conditions. In both cases
nitride particles promotes abrasive wear under slidinghe cutting force was measured using a three-force dy-
conditions along the tool and workpiece interface. = namometer. The cutting force was used to eveluate the

(b)

Figure 5 Microstructure of AISI 1018 carbon steel; (ap00, (b)x1500.
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Figure 6 Optimized performance curves.
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Figure 7 Performance throughout tool life.

0.02

specific cutting energy dg). This parameter can be de- creased incrementally and thg,Evaluated at each set-
fined as a measure of the energy required to removeng. As the feed rate increased thg Hitially reduced

a specific volume of workpiece material (units: 3)m in value until the effects of gullet congestion caused it
[5] and has been widely used to evaluate cutting tooto increase again. The combination of cutting parame-

performance throughout tool life.

ters at which the energy requirements were a minimum

Blade segments were tested at a range of cuttingvere determined using this method [6]. Curves relating
speeds. At each cutting speed the feed rate was irte the materials are given in Fig. 6 with the optimized
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TABLE Il Optimized Cutting Conditions

Workpiece Cutting speed Feed [per pair of teeth]

Material (m/min) um/rev) Cutting fluid

AISI O1 Tool Steel 18 73 Rocol 240 (2% sol)
Nimonic PK31 6 56 Rocol 240 (2% sol)
Inconel 600L 20 52 Rocol 240 (2% sol)
AIS| 1018 Steel 33 72

Rocol 240 (2% sol)

Figure 8 Cutting edge topography of a (a) rougher and (b) finisher tooth: AISI O1 tool steel cutting tests.

cutting conditions listed in Table Il. It should be noted can be attributed to a high work-hardening rate that
that the optimum feed rates were found to be lowelis associated with the machining of nickel-based alloys
for the nickel-based alloys (0.05-0.055 mm/rev) when7]. The performance throughout life of blade segments
compared with the steels (0.07-0.075 mm/rev). Thisnachining each material was then determined with the
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machine tool set to the optimum cutting conditions, thedicated by the curves in Fig. 7 that show a massive
results for which are shown in Fig. 7. increase in gradient toward the end of the life of each
From Fig. 7 it is apparent that there is a large varia-tool.
tion in energy requirements for machining the different The minimum energy required to machine the tool
materials. The minimum energy required to machinesteel and the Inconel alloy were shown to be similar
the nimonic alloy was approximately 11 GJ#nthis  at 4.5 GJ m?3. Tool life when machining these materi-
compares with 6.5 GJ i for the Inconel, 5.5 GJ ¥ als was shown to differ greatly with the segments that
for the tool steel, and 4 GJ A for the carbon steel. machined the Inconel alloy sectioning 0.02 oumu-
The conversion of a large proportion of the energy intolative area cut compared with 0.003% mumulative
heat results in the rapid failure of the tools. This is in-area cut for those that had machined the tool steel. It
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(b)

Figure 9 Microstructure of a finisher tooth (section 0.4 mm in from side face): AISI O1 tool steel cutting tests.
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Figure 10 Wear mechanisms: Nimonic PK31 cutting tests.

is apparent that the materials must show different char4.2. Examination of wear mechanisms

acteristics in terms the metal removal mechanism and'he wear mechanisms were investigated using scanning
the proportions of heat dissipated to chip, tool, work-electron microscopy after 0.0018%raf each material
piece, and coolant. This variation is investigated fur-had been cut.

ther by considering the resulting wear mechanisms. The

energy required to machine the AlSI 1018 cardbon steed.2. 1. AlISI O1 tool steel

was low. This was reflected in the extensive life of theThe micrographs in Fig. 8 show the cutting edge to-
tool. pography of a (a) rougher and (b) finisher tooth. The
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rougher tooth shows clear evidence of plastic deformatooth. The micrograph in Fig. 9 shows the microstruc-
tion along the cutting edge and signs of abrasive wear oture of a finisher teeth at a section 0.4 mm in from the
the rake face. The finisher tooth shows similar characside face. The micrograph shows plastic deformation
teristics at the extremes of the cutting edge (the centesf the cutting edge with evidence of cratering in the
of this tooth is masked by the profile of the rougherregion of tool or chip separation.
tooth and hence shows no significant wear). There
appears to be no significant wear on the clearance face
of either tooth. 4.2.2. Nimonic PK31 nickel-based alloy

The wear mechanisms were further investigated bylhe teeth that had machined the nimonic alloy were
examining the microstructure of the tool by taking met-severely worn. The micrograph in Fig. 10a shows loss
allographic sections normal to the cutting edge of theof the Heller tooth profile, with the shape of both tooth

1,668 16km WD38

(b)

Figure 11 Microstructure of a finisher tooth (section 0.4 mm in from side face): Nimonic PK31 cutting tests.
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Figure 11 (Continueg.

forms appearing almost identical. Examination of theby fine score marks and a flakey surface morphology,
surface topography of a rougher tooth (Fig. 10b) showsespectively.

massive plastic deformation along the cutting edge with

a build-up of material extending down the rake face.

Characteristic adhesive wear is evident along the cleara 2.4. AISI 1018 steel

ance face. Similar wear mechanisms were identified o\ .. .-

the finisher t0oth. 'As with the tests machining the Inconel 600L the extent

of wear was far less severe than exhibited by the teeth

idering the mi ructure i all hi ¥hat had machined the tool steel and the nimonic alloy.
considering the microstructure in metallographic S‘eC'Regions of wear are shown to be confined to the cutting
tions prepared normal to the cutting edge of the tooth

. g .edge (Fig. 13a), with both the rake and the clearance
The micrographs presented in Fig. 11 show the ml-fa(ges (rer?]aining] unaffected

crostructure of a finisher teeth at a section 0.4 mm Closer examination of th.e cutting edge (Fig. 13b)
in from t_he S'd.e face following the nimonic cutting hows a “rounding off” and fine score marks projecting
tests. This section was chosen because it passes direc ard the clearance face. The score marks are a char-

@eteristic of abrasive wear under sliding conditions at
in Fig. 11a that the microstructure of the tool is charac- g

. ) . ."~the tool or chip interface.
terized bycracks interspersed with bands of workpiece P
material that originate at the cutting edge and extend
back along the clearance face. At higher magnification

(Fig. 11b), extensive shearing of the tool material ISe  conclusions

apparent. There is also evidence of coalesence of th‘Fhe investigation has identified fundamental differ-

complex carbides, indicated by region A in Fig. 11c. : . . .
: : 4 . ences in the mechanisms by which high-speed steel

Interpretation of the microstructure in accordance with_. LS
circular saw blades wear when machining a range of

Wright and Trent [8] indicated that in places the tool . "~ ¥ L .
temperature had exceeded 9@ high- and low-machinability materials.

e Relatively poor machinability and rapid loss of per-
4.2.3. Inconel 600L nickel-based alloy formance have been shown to be a characteristic of
Preliminary examination of the teeth that had machined  the high-speed steel circular saw blades machining
the Inconel alloy showed the accumulative wear to be  both the AISI O1 tool steel and the nimonic PK31
an order of magnitude less than that identified with the  nickel-based alloy (see Fig. 4).
blades that had machined the tool steel and the nimonic e The investigation has identified differences in the
alloy. There was evidence of abrasive wear, however resulting wear mechanisms when machining these
(Fig. 12a) and workpiece adhesion (Fig. 12b) along  materials. On the teeth that machined the tool steel,
the cutting edge of a rougher tooth as characterized the wear regime was confined to the region of the
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Figure 12 Wear mechanisms: Inconel 600L cutting tests.

cutting edge and rake face, with no evidence of
wear along the clearance face. The wear modes
were consistent with those described by Trent [9]
for high speed steel tools machining austenitic
stainless steel, where the tool or chip is in a state of
seizure atthe cutting edge and sliding contact down
the rake face. The maximum temperature occurs at
the point of tool or chip separation, which can lead
to internal shear of the material, manifesting itself
in the form of crater wear.

e Trent [9] states that when machining nickel-based

1522

alloys the maximum temperature and resultant in-
ternal shear of the tool material occur at the cutting
edge and also along the clearance face of badly
worn tools. This is consistent with the wear mech-
anisms identified within the current investigation
when machining the nimonic alloy. Temperatures
in excess of 900C have been estimated within this
region.

The wear mechanisms identified on the teeth that
machined the Inconel 600L and the AISI 1080 steel
(Figs 12 and 13, respectively) were considerably



(b)

Figure 13 Wear mechanisms: AISI 1018 cutting tests.

less severe when compared with teeth that had design/surface coating system for the described
machined a similar amount of the other two machining applications.

materials. There was evidence of abrasive and ad-

hesive wear, which are synonymous with “sliding”
conditions along the tooth or chip interface and
are indicative of the good machinability of these
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