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SECTION I

INTRODUCTION

Electrochemical machining, ECM, is a process which removes material from
an electrically conductive workpiece by electrolytic action and can be
likened to plating in reverse. Metal removal is accomplished by means of
anodic dissolution produced by the passage of a machining current through

a flowing electrolyte which separates the electrode from the workpiece.
The workpiece and electrode tool are connected to a d.c. power supply with
the former being positively charged and the latter, negative. When a elec-
trolyte (usually a saline solution) is pumped through the cutting gap and
a current is flowing, metal is dissolved from the workpiece and into the
electrolyte while the electrode tool is advanced toward the workpiece at a
constant rate.

The cutting gap between the electrode tool and the workpiece is con-
trolled by the magnitude of the voltage applied, and can be varied from
0.001-inch to 0.030-inch (practical range). The smaller the gap, the more
closely the workpiece will be to a mirror image of the electrode tool. The
most commonly used gaps are from 0.005-inch to 0.010-inch, which is close
enough to insure a practical reproduction of the tool geometry in the work-
piece.

The entire electrolytic cell is enclosed in a flow chamber or box,
suitably sealed to permit the tool to be fed into the workpiece and at the
same time, prevent leakage of the electrolyte. Normally, this flow box is
designed so as to provide flow passages to and from the working gap. This
gives greater control over the fluid flow which can be used to great ad-
vantage during Electromechical Machining.

The advantages of the ECM process include potential cost reductions for
typical blade materials, the production of geometrically more consistent
parts and resulting blade dynamic characteristics which should be more con-
sistent. Further, blades can be made from a wider variety of materials,
since ECM is fairly insensitive to the material being machined.

A task of the ECM manufacture of compressor blades was offered as Op-
tion IV to the FY 74/75 modification of ATEGG contract F33657-72-C-0206.
The option was exercised in December 1973 and the work began early in 1974,
The work effort is described in Paragraph 9.4 of the contract Statement of
Work. Blade construction by ECM methods was to provide a full set of
blades for three GEl4 compressor stages, as well as a quarter set of blades
for structure test comparisons with a quarter set of conventionally
manufactured blades for each stage. A graphical summary of the program is
presented in Figure 1.
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Work to be accomplished included the following tasks:

1) Manufacture by means of electrochemical machining (ECM) of one and
a quarter sets of compressor rotor blades for each of three stages
of the GE14/J1B3 compressor.

2) Manufacture by means of conventional machining one-quarter set of
the same stages for use as a control sample.

3) Perform a detailed geometry investigation of manufacture results
of ECM to assess dimensional consistency.

4) Determination of resonant frequency and nodal pattern of each of
the three stages of blades (one-quarter set of each machining
method) .

5) Flexural fatigue strength testing of each three stages of blades
(one-quarter set of each machining method).

6) Determination of the relative cost and delivery of blades made by
the two methods.

7) Manufacture of about 30 scage-5 blades by machining the dovetail
first as would be done in a production process.

Considerable technical difficulty was encountered in the initial produc-
tion of ECM blades at both the vendors involved in the program which stretched
the manufacture of the Stage 2 and 5 blades into mid 1975. Also, difficulty
with the powder metal material for the Stage 8 blades was encountered: A
lot was scrapped in July of 1974 and the replacement lot delivered in October
of 1974 was found to be partly defective. These material problems contri-
buted to a series of delays at the vendor which stretched completion of only
a partial set of R95 ECM blades into the last quarter of 1975. A substitute
task for the remaining R95 Stage 8 blades was negotiated with the Air Force
in the first quarter of 1976 (item 7 in the task list above). The program
was completed in April of 1976.




SECTION 1II

SUMMARY

Blades were built using ECM and conventional machining methods. Stages
2, 5, and 8 of the GE14/J1B3 compressor were chosen for this task. They
represent different sizes, types of blades, and materials. Stage 2 was made
from titanium 6-2-4-2; Stage 5 was made from Inconel 718; and, Stage 8 was
made from Kené 95. These materials present a wide variety of machining
difficulty. All materials were originally intended to be cast and wrought
(C&W) as is usual practice in airfoil manufacture. 1In the case of the R95
material for the Stage 8 ECM blades, powder metal (PM) material was used as
most representative of a low cost source in keeping with the intent of the
study. Both cost and delivery advantages over cast and wrought material were
promised for the lot of approximately 100 R95 slugs required for ECM manu-
facturing when material was ordered early in 1974. Each of the blades gener-
ated in this program is shown in Figure 2.

The program proved that blades can be made from a variety of materials
and in quantity using a quasi-production-type ECM process for generating the
airfoil and adjacent flowpath surfaces. The blades produced by ECM in this
program show excellent geometric characteristics relative to blade shape and
dimensional consistency. Leading and trailing edje contours can be held well
within existing tolerance bonds. Standard deviations on blade chord, maximum
thickness, leading edge thickness, and trailing edge thickness are much
smaller than standard airfoil tolerances on these variables. Available data
on a production blade process indicate that the values shown in a later table
for ECM manufacture represent about a 50% improvement in dimensional control
over conventional methods.

The ECM vendors were not required to handwork in airfoil and adjacent
flowpath surfaces; these surfaces were to be as-machined. Only the vendor
for the Stage 5 blades complied with this restriction. Since hardwork intro-
duces uncontrolled variability, only the Stage 5 blades are truly represen-
tative of the ECM process in a geometric and dynamic sense. For this
reason, only the Stage 5 geometry data are included. Section IVA contains
the detailed data for reference.

There was found to be no clear cut advantage of ECM's airfoils over air-
foils produced by conventional means with regard to natural frequencies and
nodal patterns. Stage 5, however, with as-ECM'd surfaces, exhibited con-
sistently better frequency scatter and standard deviation. The variability
produced by hand rework on Stages 2 and 8 may have distorted the results.

As-ECM'd blades with peening showed several advantages over conventional
blades in areas related to fatigue strength. The standard deviation was
found to be smaller than for conventionally made blades. Hence, the average
fatigue strength was diminished less for as-ECM'd blades than for conven-
tional blades to obtain the design allowable levels. The fatigue test re-
sults are summarized in Table 1, where the 90% confidence column represents




ATEGG OPTION ATEGG OPTION ATEGG OPTION
STAGE 2 STAGE 5 STAGE 8
NONCONVENTI ONAL NONCONVENTIONAL NONCONVENTIONAL

ATEGG OPTION ATEGG CPTION ATEGG OPTION
STAGE 2 STAGE 5 STAGE 8
CONVENTIONAL CONVENTIONAL CONVENTIONAL

Figure 2., GE14 Compressor Blades.,
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the useable strength of each blade set. With equivalent material to start,
and peening all blades, the ECM process produced blades of higher useable
fatigue strength by more than 107.

A summary of the procurement costs for the program is presented in Table
2. Although these costs are difficult to relate to production cost, it is
noteworthy that costs per blade were roughly equivalent, with the relative
cost of ECM decreasing with increasing material strength (Stage 8, René 95).

The present program successfully demonstrated ECM manufacture of blades
with pre-machined dovetails. This allowed production of a stress-free air-
foil with improved fatigue design strength in the peened condition compared
to a conventionally produced peened blade. As with the previous ECM blades,
dimensional and contour consistency was excellent. This process is believed
cost-competitive with conventional processes for current high-strength
nickel base alloys and yields high quality blades.

»




Table 2, Cost Summary

Stage Tﬁ Conv ECM
3
Quality 15 75
Machining Cost, $ 4. 3K 27.3K
Tooling Cost, $ 0 3.6K
Cost/Blade, $ 268.00 306.00
5
Quality 20 102
Machining Cost, $ 6,1K 33.7K
Tooling Cost, $ 0 3.7K
Cost/Blade, $ 288,00 294,00
5 (R95)
Quality = 30
Machining Cost, $ - 16.7K
Tooling Cost, $ - ¥
Cost/Blade, $ *k 557.90
(375.00) *
.
Quality 20 100t
Machining Cost, $ 7.4K 28.9K
Tooling Cost,$ 0 0
Cost/Blade, $ 248,00 289,00
* Based upon a lot size comparable to the other stage
lots, the unit cost would reduce to $375.00, Tooling
used was stg 5 Znco 718 tooling.
** No conventionally machined R95 stage 5 blades are
available for direct comparison,
] The program actually produced 58 pieces at this unit

price. Further machining was abondoned due to exten-
sive delays in obtaining the PM Rene 95 Material,

Tooling costs not provided by vendor,

y




SECTION III
BLADE MANUFACTURE
The nonconventional blades all used ECM to generate the airfoil and
adjacent flowpath surfaces; the dovetails were all generated subsequently
using EDM. The Stage 5 blade airfoil leading and trailing edges were fin-
ished entirely by ECM; those on Stages 2 and 8 were routinely hand polished.

The conventionally machined blades were milled and belt polished to
final contour.

The vendors for each of the blades are listed in Table 3,

Table 3. Vendor Listing.

_Stage Conventional Unconventional
2 Jarvis Metem Corp.
5 Jarvis Lehr Precision
8 Mal Metem Corp.

No restrictions were placed on the vendors making the blades by conven-
tional means. The vendors using ECM methods were required to do no hand
finishing of airfoil contours -- the flowpath surfaces were to be completely
generated by the ECM process. The vendors doing the ECM blades were per-
mitted to generate the dovetail form by use of electrodischarge machining
(EDM).

The material used for Stages 2 and 5 was cast and wrought. This was
originally the plan for Stage 8 also. However, it was identified part-way
through the program that as-HIP'd power metal (PM) René 95 material could be
obtained for this stage. The decision was made to go with PM since it repre-
sents an additional cost advantage, primarily for ECM blades. When the
decisfon was made to go with PM, it was too late to stop the conventional
machining vendor from using cast and wrought material; however, the ECM ven-
dor was redirected to using PM. As will be noted later, this necessitated
additional bench testing.

Only the vendor doing the Stage 5 blades by ECM complied with the
restriction of no handwork on airfoil surfaces. Handworking produces surface
stresses that can significantly affect the base fatigue of a part. Therefore,
the ECM Stages 2 and 8 blades (which were both made by the same vendor) had
to be glass-bead peened.




A cost summary is shown in Table 2 as it relates to the limited blade
procurement for this program. There is difficulty in generating represen-
tative data for production quantities for the ECM blades; whereas, the con-
vent fonal approach (closed die forging or roll forming) has a well-documented
cost history. Current equipment limitations in the ECM area, in the field of
solid state electronic process parameter controllers, make predictions very
subjective. However, our experience on this program allows us to make a very
optimistic forecast that blade costs for materials such as René 95 and
Inconel 718 will be comparable to those for titanium blades produced conven-
tionally.

The data presented in the subsequent sections illustrate that ECM'd
blades are technically equivalent or superior to conventionally made blades.
However, the question of economics must be addressed. With current tech-
nology, there is no advantage to generating titanium blades by ECM. Conven-
tional methods of forging to size and/or roll forming are clearly superior.
Scrap rates are low and die life is high because of relatively easy forming
characteristics of titanium alloys. Existing press capacity size is likewise
no problem.

The introduction of nickel-base blade materials, especially René 95,
swings the balance in favor of ECM. 1In the case of Inconel 718, there is a
slight advantage to ECM; and, in the case of René 95, the scales are tipped
completely to ECM's favor. These are necessarily subjective evaluations that
should be substantiated by thorough economic analysis.

Many areas of manufacture by ECM require development. Foremost of these
is full utilization of solid state low voltage controls for power supplied.
This would permit considerable improvement in filtering out noise 'dirty
extraneous electrics' that confuse present spark detection devices. This
feature is critical to process cost control to assure protection of expen-
sively shaped cathodes.

At present, cathode design for the ECM is a process trial and error
procedure. However, with full control of all variable process parameters,
design of the cathodes becomes predictable. Translation of an airfoil shape
to a cathode could then be achieved by numerically controlled machining of
this shape much the same as airfoils are now conventionally machined.

No attempt was made during the initial phase of the ECM study to opti-
mize the manufacturing sequence to be cost effective. The program concen-
trated on the production of a high quality airfoil and, therefore, machined
the dovetail last because of concern that the completed dovetail would be
damaged when it carried the high current involved in the ECM generation of
the airfoil. At the end of this phase of work it was apparent that the
processing sequence needed to be changed to make ECM airfoils manufacture
cost competitive for high temperature materials. Of the items requiring
improvement, only the need to complete all machining of the dovetail and
platform underside prior to generation of the airfoil to free the airfoil of
fatigue stresses induced while holding the airfoil to machine the dovetail

10
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in the original process was believed a significant difficulty for production
manufacturing. The specific problem was the limited shank size available.
Further, problems of reliably sealing a charged electrode during the ECM
process from the shank area were believed to provide a further barrier. As
a result of these questions in the cost effective process, the present pro-
gram was proposed and accepted by the Air Force to offset the 42 blade short
fall in the Stage 8 R95 manufacture.

Construction of a 4 blade pilot lot of Stage 5 airfoils was completed
using an ECM process, R95 PM material and with premachined dovetails. With
the success of the pilot lot, work was begun to produce the remaining 26
required airfoils.

The work of producing the lot of 30 airfoils was done at Lehr Precision,
the vendor where the Stage 5 blades were made by ECM from Inconel 718 ma-
terial during the original phase of the program. After several approaches
were studied for the dovetail first manufacture process, a metal matrix was
cast around the finished dovetail to provide a piece for the ECM process
which directly resembled the blank before the dovetail was machined. This
arrangement isolated the dovetail from the charged electrolyte and provided a
sufficient cross section for the high current of the ECM blade processing.
The arrangement also provided reliable fixturing surfaces for both the ECM
process and the subsequent grinding operations (needed to finish the four
sides of the blade platform).

)




SECTION IV

TESTING AND INSPECTION

A, Dimensional Checks

The Stage 5 ECM'd blades were inspected thoroughly, piece be piece, using
inspection gaging built for this specific purpose. Inspection Sections B-B,
C-C, D-D, E-E, F-F, G-G, and H-H were used to obtain measurements of airfoil
chord, leading edge thickness, maximum thickness, and trailing edge thicknesses.
Of interest here was the variation obtained from blade to blade. The blade
sections are defined on Figure 3. The measured geometric data for the Stage 5
blade is summarized in Table 4. Included for reference is the tolerance given
for production blades made by conventional methods, No measurements were made
on the control sets of blades in this study or on the Stages 2 and 8 ECM'd
blades, because it was believed that the hand finishing involved resulted in
larger tolerances than the production tolerances quoted as a reference.

The detailed part-by-part tabulation of measurement results is presented
in Table 5, for the original 120 piece lot of Inco 718 ECM blades.

The R95 Stage 5 ECM blades were inspected at Stations B-B, D-D and F-F
and the values of chord, leading edge thickness, maximum thickness and
trailing edge thickness were determined. A summary of these variations is
included in Table 5. Note that all dimensions are as manufactured, without
any hand finishing. Again, airfoil contours and edges were excellent. Lead-
ing and trailing edge contours were particularly smooth and consistent.

B. Frequencies and Nodal Patterns

One quarter set of each stage and type of manufacture was tested for
resonant frequencies and nodal patterns. To accomplish this, the blades were
clamped in a fixture simulating the root fixity that exists in an engine and
were excited by a variable frequency electromagnetic drive at the individual
blade's natural frequencies. Figure 4 represents a typical test setup with a
much larger blade than dealt with here. Nodal patterns were traced out
manually on the part using a crystal pickup. The nodal patterns then were
transferred by scaling them on full-size drawings.

The measured frequencies are presented in Tables 6 through 11 for the
ECM and conventional blades of Stages 2, 5, and 8, respectively. Frequencies
up to 20,000 Hz are included.

The resulting frequencies and spread in frequencies are presented in
Figures 5, 6, and 7 for Stages 2, 5, and 8, respectively.

As an example, the nodal patterns for the Stage 2 ECM blades are pro-
vided in Figures 8 through 11.
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Thickness

Chord Max imum Leading Trailing

Section Overall +0,005 +0.,005 +0.005
+0,007 -0,002 -0,002 -0,002

A-A 0.871 0,075 0,021 0,024
B-38 8 0.869 8 0.074 = 0,023 9 0,023
c-C 0, 860 0,072 0,022 C,022
D-D 8 0,852 G 0,064 2 0,02! 9 0,021
E-E 0.844 V0,050 0,081 0,081
F-F 6 0,835 6 0,038 3 0,016 6 0,016
G-G 0,827 0.034 0,014 0,014
H-H 0.819 0,033 0,013 0.013

Figure 3.
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Table 10. ECM'd Stage 8 Blades, Part No. 4013148-508.

Mode Number
Item 1 2 3 4 9 6 7
S/N 119 2558 5512 10850 13790 15268 —— ———
111 2590 5610 10092 11130 15414 C i
58 2556 5528 10212 13626 = o ==
29 2632 5646 10340 13866 15924 -— -
112 2550 5580 9958 13524 St e o
33 2561 5190 9966 13544 15074 16224 e
93 2638 5662 10346 11018 15766 okl s e
123 2618 5636 10230 13902 15432 16592 ——
153 2651 5664 10368 14171 15550 16171 s
147 2702 5752 10254 11084 - 16796 | 17256
63 2552 5516 9942 13502 15690 -— -——
138 2626 5412 10354 11116 i 16500 e
133 2608 5544 10250 13910 15756 s Eas =
L 2636 5620 10190 13738 o 16270 | 16868
LS 2628 5616 102741 13612 15612 16480 | 19114
150 2692 5726 10110 11288 s 16881 ———
90 2673 5682 10520 139141 15780 i ———
96 2612 5616 10100 110611 15792 —— ———
131 2611 5612 10031 13498 15562 e ———
| 9156 2616 5722 10111 13986 - 16168 e
No. of
Samples 20 20 20 20 13 6 1
Unbiased:
Mean 2619 5610 10257 13811 15586 Insufficient
Std Dev 81 84 214 272 239 Data
1
NOTE: All frequencies in Hertz,




Table 11. Conventional Stage 8 Blades, Part No. 4013148-508.

Mode Number
[tem 1 2 3 4 5 6 i
S/N 114 2681 5615 10950 14596 16038 17064 19820
136 2695 5705 11012 14752 16578 17435 20479
5 27 10 5691 109041 11584 15947 17258 19815
116 2648 5669 10926 14738 16303 17877 20413
110 2800 5859 11163 14853 16352 17858 20328
137 2639 5583 10870 14728 15979 17559 21305
21 2706 5633 108041 14252 15651 17328 20729
34 28141 5815 11078 14577 16186 17693 20763
100 2762 5768 10969 14725 16225 17893 20687
35 2670 5650 10674 141486 16090 17556 20807
141 2571 5527 10680 14245 TS5 TZE ST ———
26 2730 5687 10799 11386 159541 17442 20880
132 2679 5753 11025 14926 16384 17716 21212
119 2749 5680 10972 11617 15880 17522 21030
15 2719 5750 11002 11550 16158 17764 19652
123 2610 5501 10647 13965 15106 17548 s
3 2685 5703 10826 11556 15920 17105 21952
81 2816 5843 11200 11770 16450 17570 22210
22 2574 5572 10740 114484 16101 17532 22214
152 2781 58041 11076 14327 16062 17358 20620
No. of
Samples 20 20 20 20 20 20 18
Unbiased: 3
Mcan 27041 5693 10917 11556 16072 17522 20818
Std Dev 7 102 157 2341 279 237 7441
NOTE: All frequencies in Hertz,
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12,714 Hz 14,359 Hz
Mode No. 10 Mode No. 11

Figure 11, Resonant Frequencies and Nodal Patterns,
Stage 2 Blade (Part No, 4013118~502P01),
ECM Airfoil S/N 367.




There does not appear to be a clear-cut advantage of ECM'd airfoils over
airfoils produced by conventional means with regard to natural frequencies
and nodal patterns. Stage 5, however, with its as-ECM's surfaces, does
exhibit consistently better frequency scatter and standard deviation. The
variability produced by hand rework on Stages 2 and 8 may have distorted
similar results.

Location of the nodal lines, which relates to strain distribution, did
not show more consistency in one type than in the other.

C. Fatigue Results

One quarter set of each stage and manufacturer (the same ones used for
frequencies and nodal patterns) were failed in the first flexural mode.
Parts were clamped in fixtures to simulate engine fixity and driven in
resonance using an air siren. Reference strain gages were applied to the
parts to determine the level of stress.

The standard staircase fatigue test method was used. In this procedure,
an arbitrary level of stress is estimated that will produce failure of the
part in less than 10,000,000 cycles. If failure does not occur, the stress
level is raised by a predetermined increment. The test is then conducted
again on a different specimen, and the process is repeated until a failure
does occur. After a failure occurs, the stress level is reduced by an
increment and the test is repeated. 1If a failure occurs the stress is
reduced for the next specimen while, if a failure does not occur the stress
is increased and ¢o0 on until a predetermined number of specimens is used up.

The fatigue results are presented in Figures 12 through 19. The data
were analyzed using GE Specification E50TF39 entitled "Fatigue Testing -
Compressor Blades and Vanes and Turbine Blades.'

An advantage of ECM blades over conventional blades was found in regard
to fatigue strength. The standard deviation of the ECM blades tended to be
smaller than that for conventionally made blades. Hence, the average fatigue
strength was diminished less for as-ECM'd blades than for conventional blades
for a given design allowable strength,.

Fatigue testing of the present lot of Stage 5 ECM blades showed an
expectedly low fatigue strength in the unpeened condition. A comparison of
blade and test specimen fatigue strength levels is contained in Table 1. Had
a larger blade lot been available to provide a meaningful statistical basis,
peened versus unpeened airfoils would have been tested. From test compari-
sons In previous studies however, a significant strength improvement re-
sulted from peening.

This study successfully demonstrated production of high quality as-ECM
R95 blades. As-peened fatigue strength comparisons between conventional
machining and ECM show equal or superior values for the ECM-processed ma-
terial.
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The combination of good fatigue strength, dimensional and contour con-
sistercy and projected unit cost make the ECM blade production technique
attractive for production of high strength nickel base alloy blades.

Estimates of the effects on compressor efficiency of the improved
surface finish for all stages of a typical advanced compressor yi=ld an
improvement of 0.557%. The thicker hubs decrease this improvement by 0.1%
yielding a net improvement in compressor efficiency of 0.457%.

AS-HIP'd powder metal (PM) René 95 does not have the base fatigue
strength of cast and wrought material, as is evident from the lower strength
of the René 95 stage 8 blades in Figure 17. A previous study produced ECM
blades for Stage 8 using René 95 cast and wrought material; partial results
from this prior study are presented in Figure 19, where fatigue strength is
higher than that of the conventional blades (Figure 18)., To this comparison
must be added the knowledge that the cast and wrought René 95 used was better
than the minimum specification and that the PM René 95 process is still being
refined. The achievement of equal material strength is important, since
René 95 blades are economical only if PM preforms can be made.

&1




SECTION V

PROCESS STATUS

No attempt was made during the major part of the ECM study to optimize
the manufacturing sequence to be cost effective. The program concentrated on
the production of a high quality airfoil and, therefore, machined the dove-
tail last because of concern that the completed dovetail would be damaged
when it carried the high current involved in the ECM generation of the air-
foil. The first phase successfully produced high quality airfoils in three
different sizes and materials as is evident from the results presented in
Section IV "Testing and Inspection'. The airfoil-making part of the ECM
process was well in hand for a production-oriented process.

From the experience of the first phase of work it was apparent that the
processing sequence needed to be changed to make the ECM manufacture process
cost competitive for high temperature materials. Five items were noted as
areas requiring improvement:

o) Quality of raw material

2) Machining of blanks to prepare for ECM

3) The removal of excess material below the platform
4) The finish machining of the dovetail pressure face

5) The need to complete all machining of the dovetail and platform
underside prior to generation of the airfoil to free the airfoil
of fatigue stresses induced while holding the airfoil to machine
the dovetail in the original process.

A review was made of these five items and the first four were believed
within current state-of-the art capability for high production manufacturing
and, therefore, not in need of further study. The fifth item presented a
specific problem involved with the limited dovetail shank size available.
Further, problems of reliably sealing a charged electrode during the ECM
process from the shank area were believed to provide a further barrier.

Difficulty with the powder metal material involved in the stage 8 ECM
blades left the program technically successful but with a shortfall of 42
blades. The funding involved in the Stage 8 blade shortfall was diverted to
the task of removing questions about the manufacturing sequence by producing
a lot of approximately 30 Stage-5 blades using the remaining RY95 material.
This lot of blades would be made dovetail first.

The work of producing a lot of 30 airfoils was to be done at Lehr
Precision, the vendor where the Stage 5 blades were made by ECM from Inconel
718 material during the original phase of the program. Several approaches




were studied for the dovetail-first manufacture process. A metal matrix
cast around the finished dovetail provided a piece for the ECM process which
directly resembled the blank before the dovetail was machined. This arrange-
ment isolated the dovetail from the charged electrolyte and provided a
csufficient cross section for the high current of the ECM blade processing.
The arrangement also provided reliable fixturing surfaces for both the ECM
process and the subsequent grinding operations which were needed to finish
the four sides of the blade platform.

The equipment involved is illustrated in Figure 20. The details of the
dovetail-first manufacture process were developed during a four blade pilot
run and were then successfully applied to produce a lot of twenty-six high
quality Stage 5 airfoils.

As a result of the work accomplished on the final phase of the program,
it was concluded that ECM Blades can be produced with a high level of
consistency of the product when compared to the present experience in con-
ventional blade machining techniques. The end product has only the material
variance and process tolerance effect to consider in blade life predictions,
since there is no physical work applied to the material in the process and the
end product is unaffected by the variations of tool and abrasive benching
abuses inherent in conventional blade manufacture.

With proper process considerations, an ECM produced blade was judged
cost competitive with a conventionally machined blade. It was estimated that,
with such materials as R95, the ECM blade could be produced for the same
price as an Inconel 718 blade. Blades made by conventional machining were
estimated to cost nearly twice as much as Inconel 718 blades.
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