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Recently, multiple evaluation systems (MES)
that allow for a large number of tapping torque
tests ( T ) to be performed on a single workpiece
have been gaining in popularity for the evalua-
tion of metalworking fluids (MWFs). However,
MWEF formulators have had difficulty obtaining
statistically significant results or results consis-
tent with experience in the field, raising questions
about the efficacy of MES. This paper develops
statistical and experimental design considera-
tions for MWF evaluation by MES that aim to
maximize the sensitivity of Tyto MWF perform-
ance and to improve the correlation between lab-
oratory and field performance. Toward this end,
a metric of resolving power is developed that
quantifies. the ability of a T operating condition
(speed, material, tool size, etc.) to discriminate
between MWFs. It is shown that as resolving
power increases, the correlation of T response
to ‘expected field performance increases. The
paper concludes with a discussion regarding
economic trade-offs between increased cost,
-~ resolving power, and statistical significance of T
results,
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NOMENCLATURE

Q

= confidence interval for a given cut, [Necm]

= number of replicate cuts at a given test condition

= number of torque values recorded for a single cut

= number of fluids evaluated at a given test condition

= observed variance for a single cut, [Nzocmz]

= observed variance for a given test condition, [Nzocmz]

= number of replicate cuts for a given fluid

= t-distribution ordinate

= average torque value for the plateau region of a cut profile, [Necm]
= average torque value for a given test condition, [Necm]

= average torque value of all fluids for a given test condition, [Necm]
= percent confidence

= percent tapping torque efficiency

= correlation coefficient

= variance for a single cut, [Nz-cmz]

= estimated variance for a given test condition, [N 2-cmz]

= true torque value for a single cut, [Necm]

TR O DT I QxR Y S =2

= estimated torque value for a given test condition, [Necm]
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INTRODUCTION

The search for effective laboratory test methods for the
evaluation of metalworking fluid (MWF) field performance
has been in progress for over 50 years. Standard laboratory
wear and extreme pressure tests, such as the pin and v-
block evaluation (ASTM D 2670) and the Four Ball Wear
(ASTM D 4172) tests, have gained limited use but have not
been found to be adequate indicators of machining per-
formance under manufacturing conditions (7)-(3). In fact,
much evidence exists in the literature to suggest that one
can only reasonably predict the lubrication performance of
MWFs in cutting operations through the use of a real
machining operation such as reaming, drilling, or tapping
(1), (4)-(8). Naturally, the closer a test condition is to the
actual manufacturing condition, the better its prediction.
However at the early stages of formulation, effective labo-
ratory tests are needed that streamline the development
process. Of the many laboratory scale performance tests
that have been developed toward this end, the tapping
torque test (T ) has been gaining wide acceptance because
it fulfills a number of desired testing requirements: (a) cor-
relation with field results, (b) simplicity, (c) speed, (d)
economy, (¢) small test samples, (f) precision, and (g)
severe conditions (9). In addition, it has been demonstrated
that a correlation exists between low tapping torque, long
tool life, good surface integrity of the thread, and an effec-
tive metalworking fluid (2), (6), (10).

According to ASTM D 5619, the Standard for
Comparing Metal Removal Fluids Using the Tapping
Torque Test Machine (17), “[the tapping torque test]
method can be used to more accurately predict the lubricat-
ing properties of a metal removal fluid than previously
available laboratory scale tests.” It is important to note
however that ASTM D 5619 does not specify default oper-
ating conditions including machining speeds, workpiece
material, tool alloy, tool size, or tool coating. One can rea-
sonably expect that a lack of accounting for such control-
lable variables, as well as uncontrolled variables such as
workpiece hardness and tool wear, have led to the wide
variation in T° results reported in the literature (1), (2), (9),
(11), (12). Consistent with these observations, MWF for-
mulators have expressed difficulties obtaining statistically
significant results or results consistent with expected out-
comes based on exnenence This has raised questions about
the efficacy of T’ for the evaluation of MWFs.

This paper investigates experimental design apgproaches
that explicitly minimize sources of variability in T~ and rec-
ommends an experimental design paradigm that can
enhance the power of tapping torque experiments for eval-
uating MWF performance. Specifically this paper: (a) pro-
poses a method to design, conduct, and interpret MWF
evaluation experiments using newly available tapping
torque testbeds, (b) demonstrates that the selection of oper-
ating and machining conditions is critical to the ability to
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distinguish MWF performance and predict field perform-
ance using tapping torque tests, and (c) establishes the
trade-offs between cost and sensitivity when designing a T3
experiment.

SINGLE EVALUATION SYSTEMS (SES) Vs.
MULTIPLE EVALUATION SYSTEMS (MES)

ASTM D 5619 was designed for T systems that conduct
a_single tapping evaluation (SES) per workpiece.
Performing each test evaluation on a new workpiece intro-
duces significant uncertainty into the evaluation process
since workpiece to workpiece variation can overshadow
differences in torque responses caused by MWFs. To coun-
teract this, SES operators try to obtain workpieces pro-
duced by the same manufacturer in the same batch, some-
times at a significant cost.

Difficulties with workpiece variation and per-test cost
have led to the development of tapping torque testbeds
which allow multiple test conditions to be evaluated on a
single workpiece (MES). While this makes T potentially
more convenient and cost effective by reducing variability
associated with workpiece material, this type of system
introduces new challenges in experimental design and
interpretation given the potential for tool wear and local-
ized workpiece hardness within a single workpiece. Since
ASTM D 5619 was not designed for MES, additional con-
siderations are discussed below that assist in capitalizing
upon the unique opportunities afforded by multiple evalua-
tions on a single workpiece.

IVLEASURING VARIABILITY AND CONFIDENCE IN
T

A tapping apparatus typically reports torque values that
are measured as a function of depth, yielding a cutting
torque profile as shown in Fig. 1(a). The distribution of
torque values in the plateau region of the profile, presum-
ably without systematic or obvious sources of variation
such as entry and exit forces or chip clogs, should follow a
normal distribution as expected by the central limit theorem
(Fig. 1(b)). The average of the cutting torque values in the
plateau region (X) serves as an estimate of the desired
“true” tapping torque for the selected operating condition
(#). Recognizing that since there exists a relatively low
number of points in the plateau region, the normal distribu-
tion is approximated by the t-distribution, and a confidence
interval with certainty level a for u is expressed by (13),

- S
Confidence Interval, CI = X 74, 1 X — [1]

vn

where n is the number of cutting torque values in the
plateau, ¢, is the t-distribution ordinate corresponding to
the o level of confidence given n-1 degrees of freedom, and
S_ is the estimated standard deviation about X. Equation
[1] represents a quantified expression of the degree of cer-
tainty that can be associated with the estimate of 1 by X
observed experimentally.

Within an individual test, » is limited by depth and
instrumentation resolution, and since S_is typically large, it
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Fig. 1—(a) A typical cutting profile with the plateau region indicated (bold-
ed dots) and (b) a normal probability plot of the tapping torque
values in the plateau region. Although the testbed applied in this
research can only resolve tapping torque to a resolution of 5
N*cm, the close fit (R°=0.98) of (b) to linearity indicates the plateau
region outcomes can be reasonably represented by a normal dis-

tribution.

START (D

Fig. 2—Sample randomization of T° conditions on a workpiece, where
the letter indicates a test condition for evaluation (tool/fluid
combination) and the arrows indicate the order of evaluation
(left to right across a row; then top to bottom down the work-
piece). “A” represents the reference test condition used for
tool break-in and efficiency calculations. By comparing “A”
tests near the beginning with “A” tests near the end, it is pos-
sible to observe if tool wear has likely had an influence on the

experiments.

follows that the confidence region determined by Eq. [1] is
typically too large to distinguish differences between MWF
formulations. For this reason, many replicate tests (V) for a
given operating condition are performed in MES. Over
multiple tests, the best single point estimate for the true
tapping torque (u) is ,, which is the average of all the
plateau values observed over multiple tests at the operating
condition under consideration. The confidence interval for
 is described by,

X

T

VN

Confidence Interval, CI= __ +1%, v_1 X

(2]

Equation [2] captures the fundamental trade-off in
designing T~ experiments: the higher the uncertainty inher-
ent to the experimental design (Sz), the more tests that have
to be performed (N) to decrease the confidence interval
enough to be sensitive to differences in MWF formulation
performance. In other words, while replicate testing
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increases evaluation time and cost, it increases sensitivity
to MWF differences, which is desired during the laborato-
ry evaluation of MWF performance.

Experimental replication also helps to spread out uncon-
trollable sources of variation (e.g., localized workpiece
hardness and tool wear) equally for all MWF evaluations as
long as the experiments are performed in a randomized
order. Randomization attempts to distribute unknown and
unknowable sources of variability evenly over the experi-
mental design, reducing the impact of local effects and thus
reducing the vulnerability of the experiment to misleading
conclusions influenced by an unknown random factor. A
sample randomization pattern for MES is provided in Fig.
2.

Once confidence intervals are established for two
MWEFs evaluated at the same operating condition on the
same workpiece, it is possible to determine whether the

(Continued on next page)
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TABLE 1—THE RELATIVE IMPACT OF DIFFERENT SOURCES OF VARIABILITY
ON TAPPING TORQUE OBSERVATIONS FROM A COMPILATION OF TAPPING
TORQUE RESPONSES UNDER IDENTICAL TEST CONDITIONS
(M6 TooLs; 1000 rpm)

CONDITION STATISTICALLY RANKING OF
SIGNIFICANT? SIGNIFICANCE
Fluid Type yes 1
Tool Coatings yes
Workpiece to Workpiece Variation yes 3
Tool to Tool Variation
(same geometry, coating) yes 4

MWF performance differences are statistically significant
using the t-test, which can be expressed as (14),

(x, — x)
S2 S2
N11—1 + N22—1

(3]

tNl +Na—2,c =

Given the a level of confidence, one can calculate the
observed t-value by Eq. [3] and compare the value to a stan-
dard table to determine whether the t-value is large enough
to be considered significant, indicating that a statistically
distinguishable difference in MWF performance exists.

DESIGN AND ANALYSIS OF T® EXPERIMENTS
ON MULTIPLE EVALUATION SYSTEMS

A statistical analysis of data from approximately 1200
experiments performed by the authors using M6 tools at
1000 rpm has shown that fluid type, tool coatings, work-
pieces, and tools all significantly affect tapping torque
responses (Table 1). In light of these data, and similar find-
ings widespread in the literature, one must account for each
of these variables explicitly during T experimental design.
For MES, this means performing a comparison of two or
more fluids on a single workpiece whenever possible and
using a single tool to conduct tests in a random experimen-
tal order. At the same time, the following conditions must
be held: 1) tool wear must be closely monitored and con-
trolled with a strict tool change policy; and 2) experiments
performed after the tool is broken-in must be repeated later
in the run to verify that tool wear has no observable influ-
ence on the measurement of tapping torque.

Such modifications to ASTM D 5619 (11) for T should
be considered by practitioners working with MES.
Naturally, variability-reducing activities within the stan-
dard should be maintained. For instance, tools must be bro-
ken-in, workpiece and tools must be cleaned, and a wire
plug gage must be employed to ensure that the tool is cen-
tered in the pre-drilled and pre-reamed hole. However,
based on the data observed during this investigation, the
standard practice of delaying tool changes until built up
edge (BUE) has accumulated is not reccommended. By then,
extraneous sources of variation are already influencing the
comparisons of MWE. As an alternative, one can change
tools and workpieces concurrently since workpiece varia-
tion is already known to be a variable significantly impact-
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ing tapping torque values. The more frequent tool changes
only modestly increase testing costs, as tools were observed
to account for only about 10% of MES costs when tool
replacement occurred simultaneously with the workpieces.
Given that a new workpiece is not required for each
MWF evaluation in MES, one must determine the mini-
mum number of replicates of each test condition (N) that
will yield a confidence interval of the desired size to distin-
guish reasonable differences in MWF performance. The
minimum number of replicates can be calculated by setting
the desired size of the confidence intervals, estimating the
standard deviation (Sz) of T based on historical data under
similar conditions, and rearranging Eq. [2] to solve for N.
Based on thousands of tests with M4 and M6 tools with dif-
ferent coatings, the authors found that N from 20-30 was
necessary for good resolution of MWF differences.
Another consideration when using MES is whether and
when to use the concept of tapping torque “efficiency”
advocated by ASTM D 5619 and defined by Eq. {4],

Tapping Torque Efficiency,

% =h = 100 x Xre_ference condition [4]

test condition

In fact, it can be shown that if two MWFs are evaluated
on a single workpiece in MES, then using efficiency as a
metric reduces the sensitivity of the comparison due to the
introduction of error in the estimation of X for the refer-
ence condition. However, when comparing across work-
pieces, as is always the case when using SES, the efficien-
cy metric is necessary. For MES, efficiency should only be
used when test conditions from multiple workpieces are
being compared.

Although efficiency calculations are generally necessary
for MWF evaluation, ASTM D 5619 does not describe how
confidence intervals can be calculated for efficiency. The
determination of confidence intervals for efficiency is com-
plicated by the fact that the observed tapping torque
responses of the test and reference conditions are probabil-
ity distributions with a quotient that cannot be easily
described analytically. While this means that a simple con-
fidence interval equation such as Eq. [2] cannot be derived,
a reasonably simple algorithmic approach can be adopted
as follows. To start, ; is calculated for both the test condi-
tion and the reference condition. A standard deviation for
the plateau averages is also calculated (Sz) for the test con-
dition and the reference condition. % and Sz are used as
estimates for the mean and standard deviation of a normal
distribution that serves as a statistical model of tapping
torque outcomes for each MWF. Then, a common software
spreadsheet can be used to numerically simulate a large

number of experimental outcomes for both the test and ref-

erence MWFs (Fig. 3(a)). Random pairs of outcomes from
each distribution are then taken to form simulated outcomes
for efficiency, as plotted in Fig. 3(b). By plotting the cumu-
lative probability distribution of the simulated output, the
confidence interval for efficiency can be estimated. The
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Fig. 4—Tapping torque efficiency values for four (4)
high speed steel M6 taps of identical geometry
with titanium nitride (TiN) coating, basic nitride
coating (N2N), chromium nitride coating (CrN),
and no coating (HSS) for a soluble oil, 2 semi-
synthetic, and a synthetic MWF as well as
deionized water. All experiments were per-
formed at a machining speed of 1000 rpm
across four workpieces. Results for N2N and
deionized water was not feasible due to clogs
and tool breaks and are not reported.

best estimzate of the true efficiency quotient (}‘}efﬁciency)
occurs at X reference condition! X test condition” This .pI'OCC-
dure can be repeated for other test conditions, allowing for
the direct comparison of T’ results across workpieces with

confidence intervals as shown in Fig. 3(c).

EXPERIMENTAL SETUP AND RESULTS

To test the efficacy of MWF comparisons using the pro-
posed experimental approach for MES, experiments
described in this paper were carried out using a tapping
machine with variable feed and speed settings and a maxi-
mum torque of 700 Necm. The workpiece holder was
designed such that the metal bar workpiece was fixed at
both ends. The 1018 cold rolled steel bars were pre-drilled
and pre-reamed with varying numbers of holes depending
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on the manufacturer. High-speed steel taps of identical
geometry, 60° pitch and 3 straight flutes, in both M6 and
M4 sizes, were used with four (4) coating conditions:
uncoated (HSS), basic nitride coating (N2N), chromium
nitride coating (CrN), and titanium nitride coating (TiN). A
machining speed of either 500 rpm or 1000 rpm was used.

As a first analysis of the proposed approach to MES T g
experimentation, the impact of tool coating, tool size,
MWEF type, and machining speed on tapping torque was
examined (M6, 1000 rpm). The results of 340 individual
cuts over 19 distinct conditions shown in Fig. 4 indicate
that, in general, TiN tools perform better than the other
tools and the soluble oil performs better than the other
MWEFs. It is difficult to establish other generalized trends in
fluid performance under these testing conditions, but more
specific conclusions can be drawn for individual tools. For
instance, while MWF differences are clear and obvious
when using HSS and CrN tools, they are practically indis-
tinguishable for TiN and N2N tools.

Interestingly, different operating conditions impact the
ability of the tool to statistically distinguish fluid differ-
ences. For instance, a comparison of Fig. 5(b) and Fig. 4
reveals that while CrN tools revealed fluid differences at
1000 rpm, they did not at 500 rpm. In fact, the 500 rpm con-
ditions examined in Fig. 5 show very little ability to distin-
guish MWFs. A comparison of Figs. 5(a) and 5(c) to Fig. 4
also reveals that when M4 tools are used HSS offers
increased tapping torque efficiency over TiN for all MWF
types regardless of machining speed. From these observa-
tions, it is clear that certain T° test conditions respond dif-
ferently to MWF/tool combinations than others.
Consequently, multiple conditions must be evaluated to
fully understand the impact of different MWF/tool combi-
nations, and great care should be taken to understand how
test conditions relate to the field operations in which the
MWEF is to be used. Furthermore, general claims about
MWEF performance can only be derived from statistically

(Continued on next page)
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a machining speed of 1000 rpm and (c) TiN and uncoated HSS M4
taps at 500 rpm. For each condition, a soluble oil, 2 semi-synthetics,
and a synthetic metalworking fluid were investigated.
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Fig. 6—Resolving power as (a) a function of tool coating with M6 tools at
a machining speed of 1000 rpm (including results for deionized
water) and (b) a function of machine speed and tool size for
uncoated tools (HSS) (not including deionized water). The inclu-
sion of deionized water increases resolving power in magnitude,
as demonstrated by a comparison of (a) and (b), demonstrating
that standardized fluids must be used for determining resolving

power.

significant results under variable operating conditions, tool
coatings, and workpiece materials.

RESOLVING POWER: A METRIC OF SENSITIVITY

Given differences in MWF performance under different
T operating conditions, it is important to quantify the abil-
ity of a given condition to detect differences in MWF per-
formance. To facilitate this, Eq. [5] defines a metric of
resolving power that aims to quantify the sensitivity of T
to different MWFs at a fixed operating condition,

Resolving Power =

22:1(;1_}5()2

6'2
between fluids r—1 [5]
52 - s . =)2
Owithin a fluid Zj:l(X] x)
s—1

where 67, 1ucen fiuigs Provides an estimate of variability
across MWFs, and 62 .., . fluiq €sStimates the variance of
plateau averages for a single fluid. In Eq. [5], X is the aver-
age of plateau values in a single experiment (Fig. 1), ¥ is
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the average of a_ll X observed for a single MWEF, X is the
average of all X for all MWFs, r is the number of MWFs
tested at the operating condition, and s is the number of
replicate tests per MWE.

As is evident from Eq. [5], the resolving power has two
distinct components: the numerator is related to the average
size of the confidence interval while the denominator is
related to the degree of difference in tapping torque
response for different MWFs observed under the specific
operating condition investigated. The ratio of these values
is a metric of discriminatory power of the MWF at the
operating condition. The resolving power for each test con-
dition shown in Figs. 4 and 5 was calculated by Eq. [5] with
results indicating that the uncoated tool (HSS) is the most
sensitive to differences in MWF type for the speeds, work-
pieces, and MWFs analyzed. The resolving power values
are plotted in Fig. 6.

After the selection of HSS tools for increased T° sensi-
tivity, the resolving power of HSS tools was then deter-
mined as a function of machining speed and tool size. As
shown in Fig. 6(b), experiments with M6 tools at 1000 rpm
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Tapping torque tests were performed at 1000 rpm with (a) M6 TiN tools (resolving
power = 0.83), (b) M4 HSS tools (resolving power = 3.96), and (c) M6 HSS tools (resolv-
ing power = 23.14) of identical geometry.

were the most sensitive test conditions for HSS tools and
1018 cold rolled steel workpieces. For this case, the numer-
ator is driving the high resolving power value with large
differences in T° efficiencies between fluids, ranging from
~49% for deionized water to ~91% for the soluble oil ref-
erence MWF (Fig. 4). A range of fluids from deionized
water to soluble oil was utilized in order to cover the range
of expected MWF performances. These fluids became a
standard set of fluids that were used to calculate resolving
power. As with all aspects of MWF evaluation, standardi-
zation is necessary for consistent interpretation and com-
parisons of resolving power metrics.

CORRELATION OF TAPPING TORQUE
RESPONSE WITH FIELD PERFORMANCE

Based on Fig. 6 it is evident that operating conditions
can either mask MWF performance (low resolving power)
or provide the means to dlfferentlate between MWF types
(high resolving power). If T’ experimental conditions with
low resolving power are selected, it may be impossible to
differentiate MWFs, even where known differences exist.
To illustrate this, seven (7) MWFs varying from light duty
to heavy duty were examined using MES T’. The MWF
duty ratings were based upon the extensive field experience
of a major MWF supply company. For M6 TiN tools at
1000 rpm, it was found that even the MWF with the lowest
duty rating could not be statistically distinguished from the
MWF with the highest duty rating (Fig. 7(a)). However
when conditions were chosen with a higher resolving
power (e.g., M4, HSS, 1000 rpm) fluid differences were
easily distinguishable and the T responses were very well
correlated with the expected trend of MWEF field perform-
ance (Fig. 7(b)). At the test condition with the highest
resolving power (M6, HSS, 1000 rpm), the expected field
performance was captured even more clearly (Fig. 7(c)).

In order to quantify the relationship between laboratory
T resolving power and expected field performance, a cor-
relation coefficient (px,y), for each operating condition was
calculated as Eq. [6],
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cov( fluid duty, X)
Sftwid duty * Sx

(6]

Pxy =

where the numerator is the covariance between the fluid
duty (evenly scaled from 1 to 7) and the average tapping
torque response at the given test condition. Sy, ., duty and S¢
are the estimated standard deviations of the fluid duty and
the average tapping torque responses, respectively.

The correlation coefficients provided in Table 2 indicate
the extent to which the selected T operating condition cap-
tures the expected field performance. The correlation coef-
ficients clearly show that as resolving power increases, the
field performance trend of the MWFs is better predicted.
Since a higher duty MWF should produce a lower tapping
torque, the correlation coefficient is ideally -1. Where the
correlation coefficient is far from -1, the resolving power is
low and MWF differences are not statistically significant.
Consequently, one can conclude that resolvmg power is a
useful indicator to quantify the ability of a T’ condition to
capture field performance.

TRADE-OFF BETWEEN RESOLVING POWER AND
COST

Naturally, there is a trade off between 1) reducing time,
material, and cost of T experimentation, and 2) acquiring
statistically significant results. Accordingly, test conditions
must be selected such that the tapping torque test yields
useful results with a minimum number of necessary repeti-
tions to minimize costs. In other words, increasing resolv-
ing power through additional testing must be justified eco-
nomically.

For the experimental setup used in this investigation, a
workpiece cost approximately $150, whether pre-drilled
and pre-reamed with 240 M6 holes or 416 M4 holes, and
tools ranged in cost from $30-$35 for M6 to $25-$30 for
M4 (depending on the coating). Based on these figures,

(Continued on next page)
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TABLE 2—CORRELATION BETWEEN EXPECTED MAETALWORKING FLUID
FIELD PERFORMANCE AND TAPPING TORQUE RESULTS AT 1000 rpm WITH (a)
M6 TIN, (b) M4 HSS, AND (c) M6 HSS TooLs oF IDENTICAL GEOMETRY

Duty | M6, TIN | M6, HSS, |M4, HSS,RESOLVING
1000 rpm{ 1000 rpm 1000 rpm| POWER

M6, TiN, 1000 rpm | 0.63 1.00 0.83

M4, HSS, 1000 rpm | -0.87 | -0.37 1.00 3.96

M6, HSS, 1000 rpm | -0.95 | -0.73 0.82 1.00 23.14

TABLE 3—STANDARD DEVIATION VALUES FOR TAPPING TORQUE TEST
RESULTS AS A FUNCTION OF TOOL COATING AND SIZE AT 1000 rpm WITH A
SoLuBLE O1L REFERENCE FLUID, THE NUMBER OF REPEATED HOLES
NECESSARY PER TEST CONDITION FOR THE DESIRED LEVEL OF CONFIDENCE
(90% OR 95%), AND ASSOCIATED MATERIAL (TOOL AND WORKPIECE)

CosTs.

TooL |TooL|STD.|N FrRoM |CosT aT| N FRoM | COST AT | RESOLVING
Tyee |Sizé |Dev.| EQ. [2] 90% |EqQ.[2] 95% POWER

(90% (95% (N=17)

CONEDENT) CONFDENT)

TiN M6 (27 | ~19 $1748 | ~30 $27.60 0.83
TiN M4 |36 | ~30 $16.20 | ~45 $24.30 2.60
HSS (M6 4.1 | ~35 $3220 | ~55 $50.60 23.14
HSS (M4 (44 | ~48 $2592 | ~69 $37.26 3.96

evaluating MWFs with M4 tools is more economical per
test given that nearly 60% more tests can be conducted on
a single workpiece for a cost of $0.54 per M4 hole com-
pared with $0.92 per M6 hole. Although individuai M4
tests are less expensive than M6 tests, more repetitions are
required to achieve the same level of confidence as shown
in Table 3. Table 3 also indicates that uncoated (HSS) tools
offer better fluid differentiation ability, but require more
replicates to achieve a given confidence interval size when
compared with other tool coatings. Interestingly, the most
expensive test condition (HSS, M6, 1000 rpm) offers the
highest resolving power and therefore the most sensitive T

condition for MWF evaluation. While this result advocates
an economic investment to improve data quality, it must be
assumed that determining and applying high resolution
testing conditions for MWF evaluation is a more competl-
tive strategy. The alternative is to perform a multitude of T

experiments that result in data that cannot be interpreted, or
worse, result in data that may be misleading.

CONCLUSIONS

The trad1t1onal procedure for conducting tapping torque
tests ( T ) has been evaluated in the context of multiple eval-
uation systems (MES) where multiple tests are performed
on a single workpiece. Since ASTM D 5619 was not
designed for MES, a modified approach to MWF evalua-
tion was found to be necessary to fully realize the potential
for improved T’ resolution. Using ASTM D 5619 as a start-
ing point, recommended experimental considerations were
established for MES. These were critically analyzed with
the following conclusions reached:

* High performing tools reduce or eliminate MWF dif-
ferences, which makes such tools ineffective for the
evaluation of MWF performance. Tool coatings are
inadvisable for MWF evaluation unless they will be
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used excluswely in the field under low wear COl’ldl-
tions.

* The effectiveness of the tool coating can depend on
tool size. For instance, uncoated high speed steel tools
(HSS) performed consistently better than TiN tools for
M4 tools, while TiN coatings performed consistently
better for M6 tools.

* MWF selectlon for optimal performance cannot be
based on T responses at a single condition. General
conclusions about the performance of a fluid can only
follow from consistent performance results across dif-
ferent test conditions.

+ A resolving power metric was defined as a quantitative
measure of the ability of an operating condition to dis-
criminate between MWFs. As resolving power
increases, the correlation of T’ response to expected
field performance increases.

* Designing T experiments on the basis of minimizing
cost per test can lead to poor or misleading conclu-
sions about the potential functionality of MWFs under
manufacturing conditions. Tapping torque experimen-
tation must be planned systematically and deliberately
to maximize the strategic value of each test.
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