Interim Report No. 3

EgTERNATIONAL COOPERATIVE RESEARCH PROGRAM ON TOOL WEAR
-
(Results on Carbide Tool Wear, Surface Finish, Built-Up-Edge,
and Finish Machining)

L. V. Colwell, L. J. Quackenbush, J. C. Mazur, and J. M. Hardy

ABSTRACT

This is the third in a series of four reports scheduled for this con-
tract. The first two (Interim Reports Nos. 1 and 2) presented the outline
and objectives of the entire program along with detailed information on the
properties of the tool materials and the XC45 work material (1045 steel).

This report presents the results of the cooperative program on the wear
of European grades of sintered carbide tools in machining the controlled work
material, An encouraging degree of agreement was found between the results
of the nine participating laboratories located in eight different countries.
Undoubtedly some causes for dispersion other than the workpiece and tool ma-
terials will be identified in later phases of the International Cooperative
Program. Some results obtained at The University of Michigan for the later
stages of tool wear point to the possibility that machine tool rigidity may
‘be an influential factor. This and other identifiable factors will ultimately
be investigated to greater depth in later phases of the CIRP/OECD program.

The results to date are to be con51dered as esSentlally a progress report with
final interpretation being w1thheld until the valldlty of results across in-
ternational boundaries can be estgbllshed Wlthln predlctable probability
limits as in "atomic WEIghtﬁ and~S1m11ar phnyCOChemlcal properties,

In addition to the results:onvwear of carbide tools, the report includes
the extra work done by the Uhlve{plty of- Delft on, ‘the repeatability of wear
measurements between laboratoiies’ and spe01al ;studies on surface finish,
built-up-edge, and finish machlnlng. Initial results of a special study at
Chalmers University on the plastlelty“of the work:magerlal also are presented.
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PART I

WEAR ON EUROPEAN CARBIDES IN MACHINING XCk5 STEEL

The carbide tool portion of Phase 1 of the tool wear program with Euro-
pean carbides is completed.  Progress reports on the work which began in 1963
have been issued by Professor Opitz from the Technical University of Aachen
in Germany. The University of Michigan, the latest institution to join the
program through the medium of this eontract has also carried out tests on the.
Furopean carbides. The results have been combined with those of the other
participating countries to provide the first section or part of this report.
The University of Michigan has also carried out some initial work on the XC45
steel with American carbide tools as a preliminary to a longer term program
whose objective is to develop a workable "tie-in" between American grades of
tools and work materials with those of the CIRP/OECD program. The latter re-
sults will be included in the last report of this series.

- The following information on the wear of carbide tools is divided into
two parts; the first part on "Typical Supporting Information" and the second
on "Summary of Tool Wear Results.," The total volume of information precludes
presenting all of the supporting information in single report. Therefore,
only some typical supporting information like that suggested in Interim Report
No. 1 is included at this point to illustrate the basis for the final results
given in the summary.

For the most part the supporting information is abstracted from a working
report issued by the Technical University of Aachen in June, 1963, The summary
of results includes all of the quantitative correlations derived from the main
program. It includes the results obtained recently by The University of Michi-
gan and those from the other participating laboratories as summarized in the
report issued by Professor Opitz on December 23, 1964, Most of the quantita-
tive information in Figs. 1-1 through 1-45 has been presented in the units of
- both the metric and English system for the convenience of those readers not
normally accustomed to both and to encourage the development of greater famil-
iarity with both systems.

TYPICAL SUPPORTING INFORMATION

Examples of the supporting information upon which the summary results are
based are illustrated in Figs. 1-1 through 1~13. The first three of these are
concerned directly with the wear criteria upon which tool life determinations
are based. The second group of three deal with chip foreshortening known more
commonly in the USA as cutting ratio. The remainder of the figures are con-



cerned with the different tool life results arising out of the two heats of
steel used for the Main Program.

Wear Criteria (Figs. 1-1 -.1-3)

Figure 1-1 shows a double logarithmic plot of flank wear as a function
of elapsed cutting time., The test protocol suggests that limiting values of
either 0.2 mm (.008 in.) or 0.4 mm (0.016 in.) be used as the end of useful
tool life. It will be noted however that the large asterisks in four of the
five tests included in this figure indicate that the tool was rendered un-
usable before a flank wear of O.4 mm was reached; consequently the lower value
must be used in this case.

All of the tests except for the highest speed show the familiar bend or
"dog leg." The precise cause of this is not known as yet but it is suspected
that it is related to the observation by Trigger and others that tool flank
temperature actually decreases initially until a certain critical amount of
wear is reached after which it increases. This would seem to be consistent
with the observation that the bend occurs at lower values of wear at lower
cutting speeds since a slower moving workpiece could sustain the same temper-
ature on a smaller worn area. The fact that the rate of wear is more rapid
after the bend could be due to the onset of diffusion as a wear mechanism on
the flank, Takeyama in Japan suggested this several years ago.

Figure 1-2 is a Cartesian plot of crater depth versus elapsed cutting
time, It is not used directly as a wear criterion. Instead it is used in
combination with the distance from the cutting edge to the deepest point of
the crater, This forms a dimensionless ratio such as that shown plotted on
double logarthmic coordinates in Fig. 1=3 and permits using the same ratio as
a criterion of failure for a large range of feed rates. Figure 1-2 is included
only to illustrate the orderliness of crater depth as a wear parameter.

Figure 1-3 shows that the crater ratio (ratio of depth to distance of the
deepest point from the cutting edge) also gives an orderly or consistent plot.
‘These lines also exhibit a tendency to bend but the point of the bend appears
to occur at a later time than the corresponding bend for flank wear. However,
it is quite probable that the two are related through temperature although much
further research on temperature phenomena and distribution will be needed be-
fore this can be established.

The test protocol suggests that a limiting crater ratio of either 0.1 or
0.2 be used as a criterion for determining the end of useful tool life. It can
be seen that the larger of these values was nearly reached in all tests which
was not true for the flank wear. Which criterion should be used obviously de-
pends upon proximity to catastrophic failure and its significance to the job
being done. More important, however, to the machinability of the work mate-



rials and the cutting ability of the tools is the shape which these two cri-
teria give to the tool life curve, This is discussed later in connection with
Figs. 1-7 through 1-13.

Cutting Ratio or Chip Foreshortening (Figs. 1l-4 - 1-6)

This quantity is a sensitive measure of the friction between the chip and
the cutting tool. By definition it is the ratio of the length of the chip to
the length of the cut., As a measure of friction it is an average of a quantity
which varies rapidly with time especially in the lower ranges of cutting speed.
Furthermore, it is difficult and time consuming to measure accurately.

The three different methods suggested in the test protocol for measuring
cutting ratio are compared in Fig. 1-4 for Test No, 2.1b. It is clear that
even the average values vary by as much as lO% between the extremes., Conse=-
quently, it should not be surprising that cutting ratio has not provided any
useful guide for predicting tool life differences in relation to cutting speed
and work material, This is evident in Figs. 1-5 and 1-6 where typical values
determined by the density method are plotted for a range of cutting speeds on
both heats of the XC45 steel.

Despite the erratic nature of cutting ratio data it nevertheless indi-
cates important trends. It will be noted that except for the one short test
all of the data in Figs. 1-4 through 1-6 show an undeniable trend toward lower
cutting ratios and higher friction at the longer tool lives. This means not
only that frictional energy is higher but also that the shear-strain energy
per unit volume has increased. Consequently, the power component of cutting
force also must have increased despite the increases in crater depth.

It could be useful in future research to make an exhaustive analysis of
the changes in at least eight quantities as the tool wears.. These are

flank wear,

crater wear,

cutting ‘forces;

.cutting temperatures,

cutting ratio,

shape of the chip cross=-section,

shape of the crater, and

degree and frequency of chip segmentation.
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There is a pronounced lack of information of this type which could guide met-
allurgists in developing better tool materials for unique combinations of
workpiece composition and microstructure.



Tool Life Plots (Figs. 1-7 - 1-13)

Typical tool life, cutting speed plots are shown inFigs. 1-7 through 1-13.
These give a comparison of the two different wear criteria and different ways
of representing them. They also emphasize the influence of the slight differ-
ences between the two heats of the program steel.

Figure 1-7 is a tool life plot based upon total tool travel rather than
cutting time., The ordinate is the tool travel or rubbing distance. The volume
of metal removed is simply the product of this distance and the cross-sectional
area of the chip. When tool life is plotted in time units the amount of metal
removed i1s the product of the time and the rate of removal which involves the
cutting speed.

Figuré 1-7 shows that using flank wear as the criterion for the end of
useful tool life results in a straight line on the double logarithmic coordi-
nates whereas the crater ratio produces an elliptically shaped curve. This is
rather typical although flank wear also may show a tendency to curve in the
same direction in the lower speed range.

It will be recalled from Fig. 1-1 that flank wear could be tolerated be-
yond the 0.2 mm limit at all but the highest test speeds. Consequently, the
two criteria would have given more nearly the same result had the limiting
flank wear been fixed at 0.3 or 0.25 mm. This phenomenon varies, however,
with the different combinations of tool and work materials so that realistic
limiting values cannot be based on a single combination.

The most important feature shown in Fig. 1-7 is the difference in shape
of the two lines., This difference means that some cutting conditions will en-
counter catastrophic failure due to crater wear while others will be due to
flank wear. This is the principal reason for different grades .of carbide
tools., The sensitivity of these parameters to cutting speed, size of cut, and
tool geometry is not understood adequately at this time and will require a
substantisgl amount of further study.

Figure 1-8 also is a plot of total tool travel versus cutting speed. Two
curves each representing limiting crater wear as the criterian of tool life
show the results for both heats of the OECD program steel. Heat No. Z0656 per-
mits somewhat higher cutting speeds than the other heat when compared through
this criterian., It is also notable that both lines are distinctly curved com-
pared to the straight line shown for flank wear in Fig. 1=-7.

Figures 1=9 through 1-13 are the familiar double logarithmic plots of
tool life versus cutting speed. Figure 1-9 gives a comparison of the tool-life
characteristics of both heats of the program steel based on a limiting flank
wear of 0,2 mm. It is interesting that there is no significant difference be=-
tween these two heats based on this criterian but there is an appreciable dif-



ference between them when the crater wear characteristics are compared as shown
in Fig. 1-8., Figure 1-10 is a replot of the same data as Fig. 1-8 but with the
tool life being expressed in minutes rather than in terms of the total rubbing
distance. It will be noted that the curvature is not as evident in Fig. 1-10.

Figure 1-11 and 1-12 show a comparison of the tool life curves for the
work material in the inner zone of the test bars versus that in the outer zone,
Figure 1-11 makes a comparison for heat No. Z0656 based upon flank wear of
0.2 mm as a criterion. On the other hand Fig., 1-12 gives a similar comparison
for heat No. ZO6L8 based on a crater ratio of 0.2, It will be noted that in
both instances the work material in the outer zones of both heats permits higher
cutting speed for the same tool life although it will be noted in Fig. 1-11 that
the difference tended to disappear for a tool life of about one hour.

It was pointed out earlier in this section that differences in tool life
depending upon whether one selects flank wear or crater wear as the limiting
criterion is somewhat arbitrary depending upon the limiting values selected in
each case, This is emphasized in Fig, 1-13 where two sets of tool-life lines
are shown for heat No, Z0656. The set representing the higher cutting speeds
and longer tool lives is based respectively upon a flank wear of 0.3 mm and a
crater ratio of 0.2. The other set at lower cutting speed is based on flank
wear of 0.2 mm and a crater ratio of 0.,1. It will be noted in both cases
that the results are nearly equal but that the crater wear becomes dominant at
higher cutting speeds., Appropriate values of both of these criteria differ be-
tween work materials and vary with the type of operation, Consequently, it is
inadvisable to specify any one set of limiting values as being best without
much further information of this same type.

SUMMARY OF TOOL WEAR RESULTS (Figs. 1-1l4 - 1-L5)

The results of both the Standard and Main Tool Wear Programs are summar-
ized in Figs. 1-14 through 1-45. All test conditions are identified by test
numbers shown in the figures with the corresponding test conditions described
in detail in Tables II and III of Interim Report No. 1. Most of the tests in
this Phase 1 program were carried out with the P30 tool material since the
cutting speeds were not as high as those for the P10 material and therefore
required less steel for carrying out the tests.

The first four figures give a summary comparison of the two different
grades of tool materials., The next 22 figures give a more detailed analysis
of the influence of tool geometry and other parameters, The next two figures
(1-40 and 1-41) give an overall summary of the influence of chip breakers.
The last four figures give a direct comparison of the results from the Stand-
ard Program which was carried out at the same test conditions by most of the
participating laboratories. Obviously not all of the test conditions for the
Standard Program were identical since the machine tools themselves were not
measurable quantities.



Summary Comparison of Carbide Grades P10 and P30 (Figs. 1-14 through 1-17)

Figures 1-14 and 1-15 compare the two different grades of tool material
over a range of side-cutting-edge angles. The numbers appearing on the abcissas
of these two figures are in reality the setting angles as they are now defined
by the ASA standard. These are also setting angles in the ISO standard used
commonly in Furope. Consequently an angle of 90° as it appears in these fig-
ures corresponds to a zero side-cutting edge-angie in the ASA system while an
angle of 50° corresponds to a side-cutting-edge angle of 40° in the same sys-
tem,

It will be noted that when tool life is based on limiting flank wear the
cutting speed for the grade P10 carbide is at least 60% higher than that for
the grade P50 carbide. On the other hand when tool life is based on the crater
ratio as shown in Fig., 1-15 the cutting speed for the same tool life appears
to be nearly 100% higher, Thus it can be seen why economics dictated the study
of most of the variables with the grade P30 tool material,

Figures 1-16 and 1-17 summarize the influence of feed rate upon the cut-
ting speeds for 30- and 60-minute tool lives based respectively upon flank
wear (Fig. 1-16) and crater ratio (Fig, 1-17). It will be noted from this
summary that the percentage relationships of the cutting speeds for the two
different tool materials are not as pronounced at the heavier feed rates.

Effect of Rake Angle

The effect of rake angle for both tool materials used for a variety of
cutting conditions is summarized in Figs. 1-18 through 1-27. The rake angle,
designated in these figures by the Greek letter gamma, is also properly de-
scribed as the normal rake angle. This means that the rake angle is the in-
clination or slope away from the cutting edge. This does not correspond to
either of the two terms or values used to express rake angles in the American
standard. On the other hand it is being considered for a new American stand-
ard as well as for a uniform international standard. This practice has also
been used in the United States since the mechanically clamped carbide tool
tips became common. Consequently, it seemed proper to report the results of
this study in units of "normal rake angle."

Results for the P30 carbide are summarized in Figs. 1-18 through 1-21
while those for the P10 grade are summarized in Figs, 1-22 through 1-27. The
first two figures show the amount of flank wear after specified periods of
cutting time at each of two cutting speeds. It will be noted that the amount
of flank wear decreases with an increase of rake angle from -6° to about +6°
after which it rises again rather rapidly. Similar information for three dif-
ferent cutting speeds is shown for a cutting time of 20 min in Fig. 1-20.

Here again it will be noted that a positive normal rake of 6° appears to give
an optimum or minimum of wear.



A similar comparison based on the cutting speed for g 30-min tool life
is shown in Fig. 1-21, Here the results shown in the upper portion are based
on a limiting flank wear of 0.2 mm whereas those shown in the lower portion
are based on a crater ratio of 0,1, Again the results based on limiting flank
wear seem to indicate that a normal rake angle of +6° is best not only for a
feed rate of 0,010 ipr but probably also for a feed twice as great. On the
other hand the cutting speeds based on limiting crater ratio as shown in the
lower portion of Fig., 1-21 are not as sensitive to normal rake angle and in
fact appear to favor a negative angle of =6°,

Obviously in the presence of such contradictory guide lines more research
needs to be done not only to provide a broader base for making proper selections
but also for determining the causes, A similar trend is shown later for the
grade P10 carbide,

Flank wear information for the grade P10 carbide is shown for two normal
rake angles in Figs. 1=22 and 1=23, These results show the same general trend
as those for P30 tool material in the range from -6 to +6° of normal rake angle
but unfortunately do not show corresponding information for the rake angle of
+10°, On the other hand flank wear data for the P10 tool material run with
chip breakers does show a tendency for an optimum to occur at +6° as shown in
Figs. 1-24 and 1-25, Chip breakers were not used for the test results reported
in Figs. 1=22 and 1=23.

~ Figures 1-26 and 1=27 once more demonstrate an opposite trend with regard
to optimum or best normal rake angle depending upon whether flank wear or
crater wear i1s used as the criteria for the end of useful tool life., As sug-
gested earlier in this report this type of evidence justifies further study
of these phenomens with the analysis being extended to include at least cutting
temperature distribution, develcpment of the crater profile, and changes in
the shape of the cross section of the chips with all of these criteria being
analyzed and documented during the entire useful life of the cutting tools.

Effect of Setting Angle (Side-Cutting-Edge Angle)

The influence of side-cutting=-edge angle or setting angle of the side-
cutting edge is summarized for the grade P30 tool material in Fig. 1-28, The
cutting speeds for a 30-min tool life based both on limiting flank wear and
crater ratic are plotted respectively in the upper and lower portions of the
figure. It will be noted in the upper portion that increases of the side-
cutting-edge angle from O {90° setting angle) permits higher and higher cut=
ting speeds., On the other hand when the tool life 1s based on the crater
ratio an increase in the side=-cutting-edge angle first causes a reduction in
cutting speed followed by an increase beyond the level which is valid for the
0 side cutting-edge angle. These conditions appear to be true for all three
feed rates represented in the test conditions reported in this figure.



Consequently the analysis permitted by the results reported in the Fig.
1-29 are also interesting. Here the side-cutting-edge angle was held constant
at 20° (70° setting angle) as the rake angle was changed. In the upper por-
tion of the figure representing results based on limiting flank wear a rake
angle of +6° was best while -6° was poorest. On the other hand the data in’
the lower portion of the figure based on crater ratio as a tool life criterion
show a rake angle of -6° as best and 0° as poorest, The latter data appeared
to be somewhat erratic although when one recalls that these are the averages
from more than one laboratory there must be some consistent causes that are
not yet understood. Detailed supporting information for Figs. 1-28 and 1-29
are shown cross plotted in Figs. 1-30 through 1-38,

Similar information for the grade P10 tool material at a constant feed
rate of 0,010 ipr is summarized in Fig. 1-39., These results are for only one
feed rate but they show the same tendencies as were revealed for the grade
P30 tool material so it may be concluded tentatively that the same unknown
factors are operative here as well,

Effect of Chip Breakers

Several of the tests in the cooperative program were made with chip
breakers and the results are reported in several places elsewhere in this
report, However the group of similar tests made both with and without chip
breakers are summarized here in Figs. 1-40 and 1-41, Those in the first fig=
ure compare the cutting speed for 30-min tool life based upon a limiting flank
wear of 0.2 mm whereas those in the second figure present similar information
based upon a limiting crater ratio of 0.l. In all cases that were directly
comparable those tests made with a chip breaker resulted in speeds at least
equal to or slightly higher than for those tests made without a chip breaker,

The chip breaker settings were as specified in Table IV of Interim Re-
port No. 1 and presumably all of the results are valid only for these settings.
Consequently there remains a question as to the influence of the chip breaker
setting itself. It probably exerts some influence analogous to that of the
.rake angle and the side=-cutting=-edge angle.

Comparison of Results Between Participating Laboratories

All of the laboratories who participated in the cooperative program
carried out tests in both the Standard and the Main Programs as outlined in
Tables II and III of Interim Report No. l. Only those tests in the Standard
Program were common to gll laboratories., The results are summarized in Figs.
1-42 through 1-45, Only the cutting-speed, tool-life results based on limit-
ing flank wear and limiting crater ratio are plotted in these figures. Some
of the test points are the result of extrapolstion and are so indicated by
being contained within parentheses.



The results for the grade P30 carbide are shown first in Figs., 1-42 and
1-43, The first of these is based upon limiting flank wear equal to 0.2 mm
~while the second is based upon a crater ratio of 0.l. There is a scatter of
the order of two to one in most of the data but this is considerably better
thgn that for the high=-speed steel where the scatter was from 10 to 20 times
as great, Straight lines have been drawn through the data in both of these
figures although the original line submitted in the working report for Fig,
1-43 was drawn curved concave toward the left in the figure or in other words
with a bulge toward higher speeds in the tool-life range of 20 to 50 min,

Similar information for the grade P10 carbide is shown in Figs. 1-L4
and 1-45, The cutting-speed, tool-life line shown in Fig. 1-44 is based on
limiting crater wear and gave the most consistent results with relatively
little scatter, On the other hand similar informstion based on limiting flank
wear of 0.2 mm resulted in the greatest scatter as shown in Fig. 1-45. Here
the range 1s appreciably more than 2 to 1 but yet substantially better than
the corresponding information obtained for high-speed steel.

The tool-life results obtained at The University of Michigan and based
upon crater ratio compared very favorably with those obtained from other labora=-
tories.. On the other hand the results based upon flank wear were generally
somewhat poorer especially with the grade P10 carbide as shown in Fig., 1-L45,
The lathe used for these tests was the only one in participating laboratories
mounted upon vibration isolators. This was suspected as a possible cause along
with the:shuck mounting and the live center in the tail stock. Attempts at
changing the shuck mounting conditions and the tail stock center produced some
improvement but not in any consistent pattern. Therefore, it might be con-
cluded tentatively that loss of torsional rigidity through the lathe not being
fastened to the floor is a contributing factor to a faster rate of flank wears

CONCLUSIONS

The following conclusions are those of the authors of this report and
not necessarily those of the CIRP/OECD committee,

l., It is possible to obtain reasonable agreement across international
boundaries as to the machining characteristics of tocls and work materials
when both are adequately defined and analytical procedures are specified and
controlled and test equipment is carefully compared.

2, The American practice of basing the life of carbide tools only upon
flank wear is suspect for many applications.

3, Tool geometry may be a more important factor in influencing the wear
of carbide tools than is generally understood.
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For these and other reasons which might be drawn from these results it is
recommended that the cooperative program be extended to other work materials
and microstructures as is contemplated in Phase 2. It is recommended further
that efforts be made to explore a broader range of tool properties and to make
more exhaustive analysis of the changes in the eight quantities listed earlier
in this section. These are:

lo
2.
3.
L"o
5;
6.
o
8.

flank weary

crater wear;

cutting forces;

cutting temperatures and their distribution;
cutting ratio;

shape of the chip cross section;

shape of the crater; and

degree and frequency of chip segmentation.
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TOOL LIFE vs CUTTING SPEED

WORK MATERIAL: XC 45

TOOL MATERIAL: CARBIDE P 30

SIZE OF CUT: 3x0.25mm?
=0.12 x0.0/in®

TEST NO. 6.2

TOOL GEOMETRY
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TOOL LIFE vs CUTTING SPEED

WORK MATERIAL: XC 45

TOOL MATERIAL: CARBIDE P 30

SIZE OF CUT: 3x0.25mm®
=0.12 x0.0lin®

TEST NO. 6.2
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TOOL LIFE vs CUTTING SPEED

WORK MATERIAL: XC 45
TOOL MATERIAL: CARBIDE PIO

SIZE OF CUT: 3x0.25mm<
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TOOL LIFE vs CUTTING SPEED
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PART II

REPEATABILITY OF WEAR MEASUREMENTS BETWEEN LABORATORIES

Up to this time two formal attempts have been made to ascertain the degree
of reliability or repeatability of tool-wear measurements between the participat-
ing laboratories. Both investigations have been coordinated by Professor
Pekelharing at the University of Delft and the results were reported out, re-
spectively, in 1963 and 1965,

The first study involved only five laboratories all of which measured all
eight of the same group of eight worn carbide tools. The results are summar-
ized in Table 2.1, The figures within parentheses in the left-hand column re-
fer to the desired resolution of measuring instruments and to the units reported.
The tool "edge code numbers" refer to the system illustrated in Fig. 9 of Interim
Report No. 1 while the dimensions measured are shown in Fig. 11 of the same re-
port,

It is suggested that some of the dispersion or scatter shown in Table 2,1
is due to human Judgement in making measurements, Such judgment as must be
exercised in the measuring of actual tools tends to mask errors arising out
of the equipment itself. Consequently a second series of tests was carried out
with simulated tools prepared at the University of Delft.

SIMULATED TOOLS (2nd Series)

Sixteen slices of hardened steel were bolted together and the contours
of the artificial wear marks were ground (see Fig. 2.1). Inspection revealed
that the dimensions of the wear marks were uniform to an accuracy of within
0.0l mm. The bolts were then loosened and the slices numbered from 1 to 16
inclusive and the edges marked A and B (see Fig. 2.1).

Some laboratories used different devices to measure the dimensions and
some tools were measured by more than one institute, Therefore, the cutting
surface was given a number and a letter if more than one institute used it.
Table 2.2 lists the institutions and identifies the type of measuring devices
used by them,

RESULTS (2nd Series)

The results of the data obtained by the respective institutes are compiled
in Table 2.3 and graphically presented in Figs. 2.2 through 2.4, Important

o7



deviations are summarized in Table 2.4,

A further analysis leads to the tentative conclusion that equipment using
physical contact with diamonds or similar devices may be responsible for some
of the larger deviations. At least two of the tools (those measured in London
and Michigan) had grinding burrs which confuse some of the measurements. It
is easier to avoid the influence of burrs and similar hazards by optical tech-
niques where they can be recognized. It is possible also that the included
angles of tracer styli tend to mask boundaries such as the edges of tools.

The simulated tools will be retained by the various laboratories as refer-
ence standards since the deviations from the averages shown in Table 2.3 seem
to be under control, Some institutions, especlally those using tracer equip-
ment, will have to be especially careful in interpreting certain measurements.
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TABLE 2.2

PARTICIPATING LABORATORIES AND EQUIPMENT USED

Tool
Yo Laboratory Equipment
1 Delft (Netherlands) A, B, VB', KB, KL: toolmakers' micro-
scope amplification 30x KM, KT; Talysurf
amplification: vertical 200x; horizontal
20x
2a  Aachen (Germany) A, B, VG', KB, KL: toolmakers' micro-
scope A, KB, KM, KL, KT: - Leitz-Forster
2b London First reading
2c London One day later
3a Kapfenberg (Austria) KT: Leitz-Forster all other sizes: Stereo
microscope with ocular micrometer magnifi-
cation rx and for KL 100x
3b Aachen Same as 2b
L Zurich Schmaltz-lightsection microscope on a
SIP universal measuring machine MU 214 B
5a Chippendale (Austria) Light section microscope of own design
5b Chippendale Profile projection method
7 Goteborg (Sweden) Talysurf and toolmakers' microscope
8 Leige A, B, VB', KB, KL: toolmakers' micro-
scope KT: Forster-Leitz
9a Manchester (England) Microscope
9b Manchester Talysurf
9¢ Manchester Talysurf and microscope, readings one
month later
10 Saint-Ouen B, VB': SIP measuring machine MU 214 B
other sizes: Perthometer
lla Arcueil (France) SIP measuring machine MU 21k B
11b Arcueil A, B, VB', KB, KL: toclmakers' micro-
scope magnification 13x; KT, KM:
Schmaltz light section microscope
12a Torino (Italy) SIP measuring machine MU 214 B
12b (Torino A, B: optical comparator Microtechnica
magnification 50x; VB', KB, KM, KL, KT:
optical micrometer (Galileo) magnifica-
tion 50x
12¢c Michigan (U of M) Toolmakers' microscope
124 Michigan Proficorder
15 Kapfenberg Same as 3
16a Delft Same as 1
16b Pittsburgh (Carnegie Tech.) Profile recorder and measuring microscope
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TABLE 2.4

IMPORTANT DEVIATIONS

Tool Laboratory Defaults Defaults
No. On Edge A On Edge B
2a Aachen VB' + KB + KM + KB -

%a Kapfenberg KM +

9b Manchester KT - KT -

9c Manchester KB - KM - KT + KM - KT +
12a Torino VB!

12b Torino B + VB' -

124 Michigan A+

16b Pittsburgh B - VB' -
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TOOL INSERT PROFILE
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FIG. 2.1



SINTFWIINSVIW IV3IM 1001 IJAILVIVIWOD

(‘WN) X *3ONV1SIa

gz od _ ¥3EWNN NOLLVOIJILNIAI
OO PO =g -
® > OMGVGVO%%WBLMW#“WM%W.,On._
v 3903 ololcls\A_\ PP P~ i)
g 39403 |
g 39a3 R ol
L L . L L o™ (Y U MY R Lk Kok TR Lo s ot St R ¢ i ES
v 3903 T M oz
ob'2
oL'2
g 39403 -
= LAY Y _]
N7 oo'e
v m_oomjlf Sttt | ] ” _
og's

,8A 3ONvV1lSId =O 8 30Nvisia =0 VY 30NViSIQ=V



£2'old

SINJW3ENSVIW Sv3M 1001 IAILVEVANOD
¥3AWNN NOILYOI4ILNIQI

N (¢} —_— - _
33°58EE55o8gg g aynny
8 3903 ¢t | 4Pttt e S D W NP Y P NP
et WL LT
m mmou 1\||L...JJ el P § e U .'\4-’ XI (tlll
Vv 3903 T}V\A S —H< V\A.N-IAI ..J.VJ.{

0’0

090

- Q
]
o
(WW) X ‘30NVLSIO

oze'i

oSl

8% ¥31lVHD 40 HIAIM=V

WM 3ONVLSIa =O

os’l

65



SLININIYNSVIW HV3IM 1001 3IAILVHVLWOD

peolt Y3GWNN NOILVOIJILN3AI
A L B A T Al R L T
] |
8 3903 \/r
A~ .\/ \ Nt 1
‘ 'q
8 3903 AVK | A / \\ /r \//VH} w\ulo/\ /VIG
. N~ .
N
v 3003 Mm\\ B f/ \ /IIII]\ 8 y

v 3903
\]jf.ql\}l_/

00’

SO’

or

S

(WW)X ‘3ONVLSIO

o¢’

g

1Y ‘¥31VND 40 Hld34 =V

IN‘dIT 40 HLAIM =0

og’

66



PART TIT

INFLUENCE OF SPEED AND FEED ON FORCES, FINISH AND BUILT-UP EDGE

INTRODUCTION

Professor Pekelharing at the University of Delft undertook a voluntary
study of the influence of built-up edge on surface finish using the same tools
and work material being studied for the Main Program., The following informa-
tion is abstracted from the working report submitted to the CIRP/OECD Committee
in January, 1965.

The primary purpose of this investigation was to determine the effect of
a BUE (Built-Up Edge) on the surface finish of a medium carbon steel. Also,
its effects on the cutting forces at various feeds and speeds were considered.
The objective was to determine the cutting conditions for obtaining the best
possible surface finish on a medium carbon steel workpiece,

TEST CONDITIONS

The workpiece material was XCh5 steel; Heat No., ZO648. The tool materials
were standard CIRP/OECD carbide tool tips. A P10 carbide tool was used for
the determination of cutting forces and surface roughness, and a P30 carbide
tool for the quick stop tests. The tool geometry is as follows: O = 6,7 =6,
A=0, #=70, & =90, r=0.8m (see Fig., 13 of Interim Report No. 1) and
the depth of cut was kept constant at & = 3 mm. For the determination of cut-
ting force and surface roughness, three different feeds were used (0.16 mm/rev,
0.25 mm/rev, and 0,50 mm/rev). The cutting speed was varied and the resulting
force and surface roughness were measured,

RESULTS

It is evident from Figs 3-1 through 3-6 that the surface finish varies
with the cutting forces required for the different tool speeds. (Note: Fgz is
the vertical component, Fy is the feeding or longitudinal component and Fy is
the radial component for cylindrical turning operations. Also, Ry is the con-
ventional surface roughness produced by the secondary cutting edge parallel to
the axis of rotation; Rs is the surface roughness produced by the major cutting
edge around the circumference.) Neglecting very low speeds, the cutting force
increases as the speed increases until a maximum force has been reached. This
occurs rather rapidly. For example, at a feed of 0.25 mm/rev (0.010 ipr) the
maximum cutting force occurs at a cutting speed of 30 m/min (98 fpm). This
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value was found to change approximately linearly with the feed, or it can be
expressed mathematically as VxS = Constant where V is the speed for maximum
cutting force and S is the feed (see Figs. 3-T).

After the maximum cutting force has been reached and the speed continues
to increase, the surface roughness and cutting forces taper off asymptotically
as shown in the first six figures, It is therefore concluded that the feed
should -be large and the speed high enough to be beyond the maximum cutting
force range. This, however, brings into play the economic feasibility of a
decrease in tool life that is sacrificed for a good surface finish. For in-
stance, other machining processes may be economically more desirable,

The reason that a rough surface is present at relatively low speeds and
a smooth surface at high speeds is that a BUE is formed and disappears as
the speed increases., Two sets of photographs were taken to illustrate this
theory. The first set (Figs. 3-8 through 3-11) shows the results of some quick
stops at various cutting speeds. The feed used for these tests was 0.16 mm/rev.
The pictures show the cut surfaces on the shoulder of the turning cut and the
undersides of the chips. The BUE is visible and increases in size as the speed
increases. It begins to decrease noticeably at V = 31.5 m/min (106 fpm) until
it disappears at 50 m/min (164 fpm). It should be noted that the pictures for
V = 36 m/min and V = 40 m/min show carbide tool fragments that have broken off
during the test., Because of the difficulty in deliberately accomplishing this
they have been left in the sequence.

The second set (Figs. 3-12 through 3-14) of pictures are side angle shots
that show the results of the BUE on the surface of the workpiece. At very low
cutting speeds segmented chips are obtained, These chips may be considered as
large individual built-up edges that have formed and parted from the tool,
This behavior is clearly evident in the photograph for V = 3.5 m/min (Fig.
3-12). The result of this is a rough surface that contains a pattern of drag
marks left by the BUE.

As the speed increases, the chip becomes continuous and a normal BUE is
formed on the tool that acts as an increased rake angle, As a result, the
cutting forces decrease., The BUE increases in size as the tool moves along
the surface and acts as an extension of the tool. It extends below the regular
cutting surface and as a result leaves an indentation in the surface., This
continues until the BUE reaches a size such that the tool acts as a moment
arm and the cutting force breaks off the BUE from the workpiece, The small
forward edge which is below the surface of the tool is left on the work sur-
face and the rest becomes part of the chip. This pattern is repeated over
and over and consequently gives a uniformly torn surface. This is clearly
evident in the sequence of pictures. As the speed increases further the BUE
decreases and therefore a better surface finish is obtained. At V = 50 m/min
no BUE is formed and a smooth surface is obtained.
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CONCLUSION

The best cutting condition for a smooth surface finish is one in which
the cutting speed is high enough not to produce a BUE. This varies among
materials as well as with the feed. In general, it may be stated that a max-
imum feed should be used so that the cutting speed required to eliminate the
BUE is a minimum. The exact values for each of these is different for various
tool materials, There is too little of this type of information to justify
attempting a more formal expression at this time.
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CROSS-SECTION OF QUICK-STOP SPECIMENS

FiG. NO. 3-12
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SPEED =250 M/MIN.

' F16. NO. 3-13

o
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CROSS-SECTION OF QUICK-STOP SPECIMENS
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SPEED=40.0 M/MIN.

SPEED = 50.0 M/MIN.

CROSS-SECTION OF QUICK-STOP SPECIMENS

FiG. NO. 3-i4
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PART IV

A NEW METHOD FOR STUDYING TOOL WEAR IN FINISH MACHINING

INTRODUCTION

The University of Delft under the direction of Professor Pekelharing has
specialized and concentrated extra effort in studying the problems of finish
machining and has developed special techniques for this purpose. Some of
these were tried on the CIRP/OECD work and tool combinations and the results
along with description of techniques is given in the following abstract of a
report submitted to the OECD in January, 1965,

When finish turning, the main problem is to maintain the dimensional ac-
curacy and surface smoothness of the machined pieces within specific limits.
When operating at speeds above the area where a built-up edge is formed, nose
wear and groove wear of turning tools are important factors in the determina-
tion of surface conditions. No attempt is made to explain the causes of nose
and groove wear except to-point out that considerable research has been done
in this field with varied results. One purpose of this report is to stimulate
interest in a test program in which the consequences of nose wear and groove
wear may be adequately studied.

THE COMPARATIVE TEST PROGRAM

A very moderate test program is suggested. It involves essentially the
study of the results of tool wear on the surface roughness of the workpiece
and the interaction of the resulting pattern on the tool configuration., The
intent of this study is to produce results which may be used for comparison
with the results of others. With this in mind, it is essential to develop an
accurate means for the measurement of wear. In this particular test, a jig
for holding the tool both in the lathe and under photographic equipment was
" made and a displacement gage was attached to the front. The tool could then
be removed and replaced in the lathe at will without affecting its position.
Photographs of the tool at high magnification can be taken and a single pic-
ture showing the development of the wear can be made by superimposing one upon
the other (see top of Fig. 4-7).

This procedure always shows much dispersion; therefore, it is advisable
to repeat the test five times so that meaningful results may be obtained. Ac-
cording to experience at the University of Delft, the followirng test conditions
are best suited:
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Workpiece material: XC45 (OECD stock)

Tool Material: carbide P10 (standard OECD tool tips)

Tool geometry: a=6°y=6°N=0° ¥= 70°, £ =90°, r =0.5 mm
Cutting speed: V = 200 m/min (655 fpm)

Feed: s = 0.1 mm/rev (0,004 ipr)

Depth of cut: d = 0.4 mm (0,016 in.)

DATA TO BE MEASURED

On the tool piece, there are two dimensions of primary inportance to this
investigation, The first is the degree of nose wear, N (see Fig, 4-7). The
second dimension is the depth of the grooves (G). The tool should show a pat-
tern of grooves along the line of contact.with the finished surface of the work.
Except for the first and last ones, these grooves should have a distance equal
to the feed from peak-to-peak or valley-to-valley., From these two dimensions
the theoretical increase of the diameter due to the tool wear may be calculated:
2(N+G)uM (microns). On the workpiece the surface roughness is measured.

~ These data should be plotted up against cutting time. Figures 4-2 through
L-6 are obtained and are the results of four tests run at the aforementioned
conditions, Figures 4-5 and 4-6 show the relationship between cutting time and
‘G and N for four different kinds of steel. Three tests were run on each mate-
rial, '

RECOMMENDATIONS FOR THE EXECUTION OF THE TEST

A rigid lathe in a good state of maintenance is needed for these tests
since the results of such tests are strongly influenced by vibrations. It was
found preferable to mount the workpiece between two dead centers. A carbide
tipped center is recommended for the tailstock and it is advisable to provide
a bronze insert for the workpiece center hole., This should be kept well
greased, since much heat is generated.

- It was found that not every tool tip supplied had perfect cutting edges.
Therefore it was necessary to regrind them in such a way that the nose radius
was precisely 0.8 mm and the cutting edge roundness was below 5 mm as meas-
ured with the Arnoulf method.

MEASURING METHODS
In Fig. 4-7 the description of the dimensions N and G is shown., The de-
gree of nose wear N may be measured with the aid of the instruments shown in

Fig. 4-1. The depth of the grooves G may be measured with the aid of either
a measuring microscope or a profile projection apparatus. Preference was in-
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dicated for photographing the profile of the tool and measuring the degree of
wear afterwards on a point magnified 250 or 333 times. This gives the advan-
tage of recording the complete profile of wear for future reference. The pro-
gression of wear may be studied on photograph assemblies as shown in Fig. L-7,
It should be noted that it is advisable to tilt the tool a small amount so
that a good sharp profile is obtained (see Fig. 4-1).

The roughness (R+) of the workpiece after a certain cutting time may be

determined with the aid of either a light section microscope or a tracer in-
strument.
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PART V

PLASTICITY STUDY OF XCk5 WORK MATERIAL (1045 STEEL)

The following is a translation and condensed summary of a report submit-
ted by Professor Olov Svahn of Chalmers University in Goteborg, Sweden. It
presents the results of an initial study of the plasticity of the XC45 work
material used for Phase 1 of the CIRP/OECD program on tool wear.

No attempt has been made to correlate the results with other program
data because of the lack of similar results for subsequent phases. The ex~-
perimental analysis consisted of conventional tension and compression tests
carried out at relatively low strain rates. Further studies at high strain
rates are contemplated for later phases of the program. The following con-
densation is intended to document the methods and essential results for Phase
1. Results are presented only for heat No. ZO648 but it was indicated that
those for heat No. Z0656 are "in acceptable agreement."

PROCEDURE AND METHOD OF ANALYSIS

The purpose of the tests was to determine true stresses and strains in
the case of tensile tests and compression tests. The samples were taken from
the material according to Fig. 5-1l. Fifteen samples each were used for the
tensile and compression tests. Dimensions of both types of specimens are
shown in Fig. 5-2.

Tension (Procedure)

The tensile tests were performed in an Amelor test machine at a head speed
which resulted in a strain rate of less than 0.0l per sec. All tensile samples
~were photographed for determination of area and waist radius as shown in Fig,
5=3, Calculations were done according to Bridgeman's method, which considers
the three-dimensional state of stress at the "necked-in" area. Bridgeman's

equation is
P 1
g = KX > o
a er

(v-1)

where:

95



o = true stress = i3 X L o]
A K
P = load
f ; :Zi;ci;z:uzrea > See Fig, 5-3 for details
a = radius of sample
K = Bridgeman's correction factor

Compression (Procedure)

The compression tests were performed in a Fjellman hydraulic press, Press
velocity was approximately Ool,mm/sec corresponding to a strain rate of 0.005
per sec, The compression samples were centerless ground to diameters of 9.00
+ 0,01 mm and the height H was 18,00 # 0.01 mm, To reduce friction the end
surfaces were lubricated with Molykote "Spray-Rapid." The load and displace-
ment were continuously recorded by Offener recorders. The load transducer was
calibrated on the machine. It consisted of a cylinder with 16 strain gauges
attached to it. The sideplacement was given by a potentiometer. Similar in-
strumentation was used for the tensile tests. Some scatter of data could be
expected because of the instrumentation but this was minimized by calibrating
it in the testing machines.

Tension {Error Calculation)

Probable Errors in Original Data:

Load: AP = % 5 kp
Diameter: bha = * 0,0l mm
Correction factor: &K = = 0,002

The above relate to the following equation which is derived from Equation (V-l)°

(v-2)

k = P X
t na®

e

Substitution of the probable errors intce Equation (V-3) yields the probable
error in the resulting stress.

Lky AP 2ha &k
—_— = —| ot |- m—] | —— Ve
For example, when
ki = 100.2 kp/mm2
P = 1150 kp
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X
" 2a

1.077
3,69 mm

]

Substitution in Equation (V-3) yields

2 x 0,02 0,002
o Akg = 100.2 2 4 — =
t 1150 3.69 1. 077]
ey = 1,188 xp/mn® 1.5 kp/mm2

Consequently the probable error in stress is less than 1.5 kilograms per square
millimeter (2130 psi) or about l.5%

Compression (Error Calculation)

Probable Errors EE Measurements:

Diameter: Ad = + 0,01l mm
Height: Ah = £ 0,0L mm
Load: AP = =+ 100 kp
(AP = £ 100 obtained because of errors in
reading)

Thevcorresponding calculations are as follows:

P P
k. = L = = h V-4

where:

hy = specimen height at the load under conslderation

G _ |2

ke P

L |ea) L | m
h

d

for

4h,7 kp/mm®
2884 kp

9 mm

18 mm

o
Il

5o Hgo
i

I

I

Substitution yields:
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b7 1100 + 2 x 0.01 + 0.011}

Ak | 588k 5 6 |

Ak 1.68 kp/mm?

1

C

which gives a probable error of less than 2,0 kilograms per square millimeter
(2840 psi) or about k4,5%.

TEST RESULTS

Sample test data are recorded in Tables 5-1 and 5-2 for tension and com-
pre ssion, respectively. Data points and average lines are shown for all tests
on heat No. ZO6L8 in Fig. 5-4. From the tension results one could conclude
that:

1. The material in the center zone 1 is harder than the rest,

2, Zones 2, 3, and 4 correspond fairly well.

3. Zone 4 has the least scatter while zone 3 has the largest scatter,
This is probably due to the history of the material,

L, The curves have approximately the same slope and are parallel.

The compression test curves correlate well with the tensile curves con-
sidering that end friction was not taken into account. A comparison of similar
data from heat No. Z0656 shows the tensile results to be in acceptable agree-
ment but the compressive results for Z0656 are higher although the slope is
the same as for ZO648., The higher value for Z0656 was thought to be due to
different specimen dimensions,

No attempt has been made to interpret the results of this plasticity study
in relation to tool wear because only one work material has been studied thus
far and there have not been any significant differences in tool wear character-
istics between the two heats of XC45 steel. Subsequent tool wear studies with
different compositions and microstructures and plasticity studies at high strain
rates will provide a more substantial body of information in which to search
for fundamental correlation. These results will be analyzed and added to the
larger body of information.
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TABLE 5-1
TYPICAL TENSILE TEST DATA

Material: XCL5 (steel)
Heat No.: ZO0648

Sample: 1 For nomenclature see Fig. 5-3
Toad 2a r Stress,
kp, Neck Diameter, Neck Radius, kp/mm? Strain
kg mm mm .

-0 4.90 0 0.000
1000 4.87 53.6 0.006
1100 L.85 _ 59.5 0.022
1200 L.79 ~ 66.5 0.045
1300 L7k 3.7 0.069
1355 L.63 21.5 78.3 0.114
1350 Lokt 16.2 83.1 0.183
1355 L.k 13.5 85.3 0.191
1340 L.33 10.8 86.6 0.244
1325 L.25 9.7 88.5 0.28k4
1300 L.09 7.5 93.6 0.360
1275 3.93 7.0 98.3% 0.440
1245 3.88 6.5 98.4 0.470
1220 3.82 5.4 98.1 0.496

b3 99.5 0.552

1190 3. 72
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TABLE 5-2
TYPICAL COMPRESSION TEST DATA
Material: XCL5 (steel)

Heat No.: ZO0648
Dimensions on test pieces:

Diameter:  9.00 + 0.01 mm Volume: 1145 + 3 mnd
Height:  18.00 + 0.01 mm | Strain Rate: 0.005 s™1
Insta?taneous Load kg = P/A, '
Height, kp, kp/mm2 Strain
mm kg
Test 1:1
18.00 0 0 0.0000
17.75 2961 46.9 0.0139
17.50 3.6 5212 0.0296
17.25 k239 64,6 0.0k422
17.00 4858 72.0 0.0574
16.50 5610 81.0 0.0871
16.00 6263 87.5 0.1178
15.00 TLTL 9k.0 0.1824
14.00 8085 98.8 0.2516
13.00 9072 102.9 0.3258
12.00 10211 107.0 0.4056
11.00 11463 110.1 0.4926
10.00 12906 112.6 0.5880
9.00 14614 114.8 0.69%5
Test 132

18.00 0 0 0.0000
17.75 2847 Ll 1 0.0139
17.50 3340 51.0 0.0296
17.25 L1737 62.4 0.0422
17.00 4745 oL 0.05Th
16.50 5618 81.0 0.087L
16.00 6149 85.9 0.1178
15.00 7136 93.5 0.182k
14.00 971 97.4 0.2516
13.00 8996 102.0 0.3%258
12.00 10097 105.8 0.4056
11.00 11312 108.6 0.4926
10.00 12716 111.0 0.5880
9.00 1hh62 113.6 0.6935
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Original Diameter
of XC45 Location

Work Material

T3 12 || [w0]]9]]8

14 Number
15
(a) 16
Original Diameter 4 Zone Number
of XC45 )

Work Material

(b)

Fig. 5-1. Location of both compression and tension specimens by
test mumber is shown in (a). Zone number is shown at (D).
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Neck Radius

Area = A

Neck Diameter

Fig. 5-3. Dimensions of strained tensile specimen.
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