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M9 ACE Transmission Qutput Shaft Failures
Executive Summary

- During the Follow on Evaluation (FOE) of the M9 ACE conducted at Ft Hood,
TX in 1985, five transmission output shafts failed, These occurred during
competitive side by side trials with the D7 bulldozer. DOuring these trials,
the M9 wis rapeatedly shifted from reverse to forward without stopping the
vehicle as required in the operator's manual. [t was determined by contractor
testing and confirmed by the Phvsical Test Division, Engineering Directorate,
Combat Systems Test Activity {CSTA), that the reversed torsional loading
applied by this type of operation caused fatigue failure oY the shafts. Fail-
ure occurred at approximately 30 percent of the reguired life of the shaft.

. t-—The yehicle contractor, Pacific-Car and Foundry Company (PACCAR), along -
with the transmission manufacturer, Clark Equipment, proposed modifications ' i‘
~to eliminate the fatigue failures of the shafts. These modifications included:,
: ol Redesigning the shaft to increase the fat1gue 1ife by
ee changing the shaft material
s increasing the root fillet radius of the splinea)er
. se shot peenxng the shaft}\\

o Changwng “che steer . 11nkdge to prevent the M9 from bexng driven in
the geared steer guide mode in reverse to reduce the torque spikes
when shifting from reverse to forward;ﬁari’\

e~ Modifying the gear shift guide to increase the time to shift from
reverse to forward allowing engine speed and torsional loading to drop.
The Mobiiity Anaiysis Branch of AMSAA was called upon to assess thess modif-
" ications and determine if any additional testing would be required. Using
information gathered from FOE, testing and anmalysis conducted by PACCAR and
Clark Equipment, and the failure analysis conducted by CSTA, the following
conclusions were drawn.

e Changing the steer linkage to prevent geared cteer in reverse is prob-
ably the single most significant factor in extending the life of the
shaft. This reduces maximum reverse speed which effectively reduces
the loading on the shaft, increasing the life to nearly 100 times the
required 1ife according to fatigue testing conducted by Clark Equipment.

o Quantifying the effects of each of the changes of the redesigned shaft
individually is difficult, but combined, an increase of 5 10 ti mes the

original shaft life is expected.

° Wod'fying the gear shift guide has a minimal effect on increasing the
shift time or reducing the shaft locading. The benefit of this modifi-
cat1on is considered to be re]atuvely 1nsign1f7cant in comparison with
the other changes.

Since the failure involved a major drive train component AMSAA felt

that some type of verification was necessary, but because of the low risk of
attaining a successful fix, suggested not to delay the production decision for
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additional operatioral testing. Instead, verification could be accomplished
by retrofitting existing vehicles and testing prior to production or during
the scheduled Initial Prod.ction Test (IPT). Ouring the DA Program Review
presented to the Army Systems Aquisition Review Council (ASARC) in September
1985, a decision was made to conduct a verification test according to AMSAA's
recommendations but delay the contract decision until the fix had been proved.
AMSAA was tasked with developing the Test Design Plan (TDP) in September 1985.

Verification Testing of the M3's transmisson output shaft was designed to
simulate, under controlled conditiuns, the circumstances which produced faijl-
ures during FOE. The purpose of the test was to demonstrate the adequacy of
the fix, specifically verifying the increased fatigue 1ife as projected by
the contractor. Two vehicles were tested, using four drive shafts; twe
shafts of the original design were tested to failure and ftwo shafts cf the
new design, including modifications to the vehicles, were tested to 3 minimum
of five times the 1ife of the original shafts. Thea vehicles were cy:led
from forward to reverse, without stopping, to simulate the effect of digging
fighting positions as was done in FOE. Government personnel monitored the
test which was conducted at the PACCAR facility in Renton, Washington through-
out the October - November 1985 time frame.

The modified shafts displayed an increased fatigue life of over five
times that of the original shafts during verification testing. In addition,
a failure analysis, conducted on the two original shafts by the Materials
Branch, CSTA, indicated that the type and location of the failures was almost
identical to those which occurred during FOE. This indicates that although
the test procedures differed, the verification test accurately simulated the
conditions which produced failure during FOE. No other drive train fajlures
were reported, although both vehicles had experienced prior testing. The
fajlure was not transferred to any other component in the drive train.

The results of the verification test substantiate the original data
generated by the contractor when evaluating the failure mode and determining
the fix. The proposed modifications significantly increase the fatigue life
of tne shaft and are judged to be an adequate fix. The shaft is not con-
sidered abuse proof, however, and operating procedures should still require
the vehicle to be brought to a complete stop when shifting from reverse to
forward. No further testing is considered necessary.
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1. BACKGROUND/OVERVIEW

The M9 ACE is a full tracked, armored, high speed earthmover, designed
to perform mobility, countermobility and survivability tasks in support of
fight or heavy forces. Known as the Universal Engineer Tractor (UET) pricr
to October 1980, the M9 underwent engineering and servica testing during the
196G's. Due to reliability problems, testing continued through the 1970's
including Fieid evaluation-at Ft Hood (1975) and testing vy the US Army Test
and Evaluation Command (TECOM) in 1976. Type classification standard A was
approved by the Department of the Army (DA) in February 1977 with procurement
funding becoming available in fiscal year 1982-83.

Between the time of type classification and funding, many design changes
were made, one of which included drive train components. A production contract
for fifteen newly configured M9's was let to PACCAR in 1982 with a multi-year
production contract planned for award in September 1984.

During 1983 it became apparent that data from the Operational Test (OT)
would not become available before the productinon contract award. Therefore,
DA directed the IPT scheduled for Aberdeen Proving Ground (APG) (April -
September 1984) to be expanded to include concurrent Force Development Testing
and Experimentation (FDTE). Following this test, a FDTE phase two was sched-.
uled to be conducted during the September 1984 - March 1985 time frame. In
August 1984, the Vice Chief of Staff of the Army (VCSA) directed a side by
side comparison oV the M9 and the D7 bulldozer and halted ongoing procurement.
This FOE, conducted at Ft Hood, Texas (March - June 1985), took the place of
the scheduled FDTE phase two.

During FOE, five transmission output shafts failed. These failures
occurred while digging fighting positions during competitive side by side
trials with the D7. Ouring these triais, the M9 was repeatediy shifted from
reverse to forward without stopping the vehicle as required in the operator's
manual. No failures of this type were reported during IPT at APG.

Through contractor testing and a fajlure analysis by the Materials Branch,
Physical Test Division, CSTA, it was .detzrmined that the reversed torsional
loading, appiied by shifting on the move, caused fatigue failure of the
shafts. The vehicle contractor, PACCAR, in coordination with the transmis-
sion manufacturer, Clark Equipment, proposed modifications to the vehicle
and the transmission output shaft to increase the fatigue 1ife. The Mobility
Analysis Branch, Combat Support Division, AMSAA, was tasked with assessing
these modifications and later developing a Test Design Plan {TDP) to verify
the fix. This report documents the analysis and testing which was conducted.

2. FATIGUE THEQRY

Prior to the review of any testing or analysis, an understanding of the
phenomenon of fatigue is essential. Fatigue is generally thought of as the
apparent deterioration of a specimen which has been subjected to repeated -
loadiny and unloading. Since 1850, it has been recognized that a material
subjected to alternating loads will fail at a stress significantly lawer than
its ultimate or yield strength. Fatigue failures are commonly seen in machin-
~ery containing rotating parts which are subjected to a large number of cycles
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at high joads. It has been estimated in various studies that 90 pzrcent of
all mechanical failures in machinery are attributed to fatigue.

; Many variables have an effect on the fatigue strength of a component, but
initially three factors are necessary to produce failure. These include: (1)
cyclic loadings with a large variation in magnitude, (2) a sufficiently high
alternating stress caused by this loading, and (3 a high number of applica-
tions or cycles. ‘

Cyclic loadings that lead to fatigque failures can be applied in a variety
of ways. Figure 1 demonstrates typical fatigue stress cycles generated by
various types of alternating loading. Figure 1A {ilustrates a sinusoidal, com-
pletely reversed cycle. This is an idealized situation but can be approached
by rotating shafts, operating at a constant speed with no overloads. The
magnitude of both the tensile and compressive stress for each cycle is equal
producing a mean stress of zero. Most fatigue data available in literature 1s
generated from this type of stress cycle.

A more common type of fatigue loading found in engineering practice is
a sjtuation where the maximum tensile and compressive stresses are not equal
in magnitude, but alternate between constant values. This cycle, referred to
as a repeated stress cycle, is illustrated in Figure 1B. This includes an
alternating stress which varies around a mean or steady stress. As the mean
stress becomes more positive, the aliowable alternating stress decreases.

Probably the most common type of loading demonstrated in an operationai
environment is the irreqular or random cycle (Figure 1C). This type of
loading may exhibit several random fluctuations within one cycle. Estimating
the fatlgue 1ife of a component can be extremely difficult when a component
is exposec to random lOdQnﬂgS.

The maximum load which occurs during any type of cycla usually produces

4 stress thiat when averaged over the entire cross sectional area is well

below the yield strength of the material. However, very high localized
stresses may be produced in the area of a stress concentration. Stress con-
centrations, which cause an irregular stress distribution across the cross
sectional area, are due to abrupt changes in the geometry of a compcnent,
Holes, notches, small fillets, and even inclusions within the material are
some of the more typical causes of stress concentration. The extremely high
stresses produced in these small areas’'can exceed the yield strength of the
material, causing localized plastic movement, resulting in the initiation of
a microscopic crack. The crack propagates slightly with each additional
loading cycle, reducing the cross sectional area until the load carrying
capaleTty of the component is exceeded Failure then occurs suddenly without
warning.

The failure often resembles a brittle type failure, with no deformation,
yielding, or change of material away from the fracture. The fractured surface
usually displays two distinct areas, a smooth region due to the rubbing action
as the crack propagates, and a rough granular region where failure occurs in
a ductile manner when the load carrying capability of the reduced cross
section is exceeded. Most fatigue failures are due to cracking which is
initiated on a free surface in the area of a high stress concentration.

e e g
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The magnitude of the alternating stress which a specimen is subjected to
has an enormous effect on the fatigue life. Increasing the magnitude of the
alternating stress will decrease the number of cycles that a component can
withstand before tailure. At any given load, or stress, the component has a
corresponding fatigue life of N cycies. This fatigue 1ife (N) can be deter-
mined from a stress-cycle diagram commonly called a S-N diagram. This diagram
'is empirically generated, by testing several like specimens to failure, under
a periodically varying or alternating load. Theoretically, the specimens
should be identical to the component in question and subjected to loadings
which duplicate the actual service conditions, However, fatigue testing is
usually carried out under the fully reversed type loading previously described.
Predictions of the fatigue life for fully reversed loading can be read directly
from the diagram. - The fatigue life for non-fully reversed loading can be
estimated using the S-N diagram knowing the stresses produced in the component
and the material properties. Care must be exercised when estimating fatigue
1ife for non-fully reversed loading since actual stresses produced by stress
concentrations are difficult to predict and fatigue testing usually shows
considerable scatter (i.e., specimens fail at different times under identical
conditions). The fatigue life in these cases is difficult to predict with
extreme accuracy,

3. FAILURE ANALYSIS

Analysis was conduct~d by both the contractor and the government to
determine the failure mode of the shafts. Two of the fajled shafts were
submitted to Clark Equipment, the manufacturer of the transmission, and two
- were submitted to the Materials Branch, Physical Test Division, CSTA.

3.1 Contractor Analysis,

A combined testing and analysis effort was conducted by Clark Equip-
ment and PACCAR to determine the failure mode and develop a fix. The complete
contractor analysis can be found in Appendix A. Testing included:

e Measuring torque in the transmission output shaft dur*ng various
operational modes.

e Conducting fatigue testing of the old and newly modified shafts.

® Measuring torque in the shafts with modifications applied to *the
shaft and vehicle.

Results from these tests and additional analysis indicated that
failure occurred due to fatigue, caused by the operators shifting from reverse
to forward before stopping the vehicle. Torque spikes resulting from this type
of operation along with torque levels produced by various operational modes
can be seen in Table 1. Torgque spikes were recorded when shifting from
reverse to forward holding engine speed constant, in both steer modes, geared
steer and clutch brake. These torques were measured for both the standard
gear shift guide and a modified guide which was proposed to reduce ?oadTngs,
by increasing shift time allowing engine speed to drop. ,

Table 1 shows that the maximum torque spikes occur when shifting
from reverse two to forward two in the geared steer mode. By surveying M9



oparators, it was found that this was the type of operation which occurred
during FOE. Approximately 90 percent of the time the operators used geared
steer when backing up and clutch brake when dozing. Shifting from geared
steer to clutch brake occurred after shifting from reverse to forward on the
forward move. Torgue spikes of 7000 1bs-ft were recorded when shifting from
raeverse to forward in the geared steer mode, without applying the brakes,
and holding engine speed constant at 2000 rpm. Torques higher than this can
be expected {f shifting occurs at maximum trottle, i.e. 2800 rpm. Table 1
also shows that typical bulldozing operations produce torgues well telow
those generated by shifting on the move.

The required fatigue 1ife of the shafts, and an estimation of the
number of cycles which produced failure was calculated by PACCAR using data
collected during FOE. According to the mission profile of the M9, 44.4
_percent of the operational time is spent dozing, with the remainder consumed
by travel, hauling, grading, scraping, swimming, and idle. Quring FOE, a
total of 957 reversal cycles were counted in five hours while dozing tank
traps. Using these numbers and a durability goal of 600 hours between major
drive-train component failure, a total of 51,000 cycles was estimated for
the required fatique }ife of the shaft under conditions similar to FOE.
‘During FOE, five vehicles were operated an average of 162 hours each before
failure. This produced a maximum of 15,000 cycles on each shaft at the time
of failura. This is approximately 30 percent of the required life ¢f the
shafts. '

3.2 Government Analysis.

The analysis conducted by the Materials Branch, CSTA, confirmed that
the failure mode was reversed torsional fatigue. Cyclic loading was attri-
buted to reversing torsional loads which were produced as the vehicle changed
direction without stopping. The complete lab report can be found in Appendix
8.

Cracks initiated and propagated near the oot fillet of each spline
tooth with fracture occarring in the transverse plane of ‘the shafts at spline
runout, No ocher cracking or deformation was found away from the highly

stressed end of the shafts.

Two additional shafts were submitted to the Materials Branch for
evaluation which were taken from vehicles that had undergone [PT testing at
APG. Although these shatts had not failed and no shaft failures were reported
during IPT, the shafts were found to have longitudinal cracks in each fillet
of the splines, extending through the case. These shafts were judged to be
the same as the failed shafts in both material (AISI 8822) and hardness.

Recommendations offered by the Materials Branch to increase shaft
life highlighted reducing the stress at the spline fillet. This could be
accomplished by increasing the fillet radius of the splines and requiring the
operators to bring the vehicle to a complete stop when shifting from reverse
to forward to reduce loading.
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4, PROPOSED CONTRACTOR FIXES

The contractor proposed three modifications to the shaft and vehicle to
increase the fatigue 1ife of the drive shafts. These includad:

¢ Shaft Redesign

ee Changing the shaft material from AISI 8822 H to AISI 8640 H to
increase ultimate strength and fatique 1ife.

se Increasing the root fillet of the splines frOm .008 to .031 inches

to reduce the stress concentrat1cns.

ee Shot peening the shaft to decrease the likelihcod of surface
cracks and their propagation.

0 Medification of the Steer Linkage

se Changing the steer linkage to prevent the M9 from being operated
in the geared steer mode in reverse would reduce the torque spike

when shifting from reverse to forward.
e Modification of Gear Shift Guide

oo Modifing the gear shift guide to preclude a straight shift
motion when shifting from reverse to forwa"d to increase the
time required for shifting, allowing engine speed to drop.
The new design requires a lateral motion around a protruding
ear when shifting between reverse and forward.

Clark Equipment generated torsional fatigue S-N curves under fully
reversed loading using the old and new shaft designs. From these curves
(Figure 2), the fatigue life of each shaft can be estimated under various
loadings. Using these curves, PACCAR estimated the fatigue life of the
shaft in the modified M3 would be increased by over 100 times.

The cost impact of these modifications would be minimal. - Approximately
$100.00 per vehicle on a retrofit basis, rep'acing three m.nor parts, and no
cost increase on future production.

Rrcommendations from PACCAR included retrofitting the existing fleet of
vehicles with the improved shaft, modified shift guide, and modified geared
steer 1ink and approving these modifications for future production. No
further testing was recommended.

5. ASSESSMENT OF FIX

The Mobility AnaTysis Branch, AMSAA, was called upon in August 1985 to
assess the modifications proposed by the contractor. The AMSAA personnel
visited PACCAR in Renton, Washington to review the analysis, testing and
recommendations. The compliete AMSAA assessment can be found in Appendix C.

The failure mode of reversed torsional fatigua as concluded by PACCAR

and Clark was verified by the Physical Test Division, CSTA. This is important
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due to the fact that any fix should not transfer the failure to the next
weakest Yink in the powertrain. Because of the phenomenon of fatigue, compo-
nents fail at a significantly lower stress than the yield point of the mate-
rial. In increasing the fatigue life, the same loaaing is transferring
through the shaft, however it is able to withstand more applications, or
cycles, at this load. Each component throughout the powartrain will experi-
ence the same type of loading both before and after the fix. If failure had
occurred due to a single cycle overload, where the component was stressed
beyond the yield or ultimate strength of the material, a fix would be required
that would increase the load carrying capability of the shaft, This would
result in higher loads being transferred throughcut the powertrain, possibly
transferring the failure to the next weakest component. This is not expected
in this situation and is verified by FOE results, wherein testing continued
after replacing the failed shafts, with no other fatigue type failure
reported throughout the powertrain.

It is interesting to note that no failures occurred during the IPT
conducted at APG. Test personnal reported that the vehicles were brought to
a complete.stop when shifting from reverse to forward. Even so, minute
cracking was found in the splined area of the shaft, indicating the effects
of fatique were developing.

The modifications to the shaft and vehicle which were proposed by the
contractor are in the right direction and the data indicate a significant
increase in the fatigue life of the shafts should be obtained. The impact
of these modifications is outlined belcw.

e Shaft Redesign

The net improvement o7 the several shaft changes can be determined
using Clark S-N curves (Figure 2) obtained from testing the original and new
shaft configurations. The FOE testing is estimated to have produced, at most,
15,000 cycles of stress reversal, before shaft failure (about 30 percent of
the 1ife required). While peak torques experierced during FOE would vary
with engine speed at gear change, failure at about 15,000 cycles would indi-
cate a repeated torque of about 6000 Ibs-ft. In fact, an instrumented drive
shaft in PACCAR testing experienced 5400 lbs-ft torque when shifted on the
move from reverse to forward at 1400 rpm encine speed., A similar shift at
2000 rpm produces about 7000 1bs-ft in the shaft. PRegardless of whether the
peak torgues are 6000 Tbs-ft, as indicated from FOE or 7000 1bs-ft, the maxi-
mum from instrumented testing, the redesigned shaft would be expected to have
a fatique Tife that is 5 to 10 times greater than the original shaft 1ife.

o Geared Steer Link Change

This simple change prevents geared steer in reverse, requiring the
vehicle to remain in the clutch brake mode when backing up, which would
normally be used in dozing. The effect is to reduce the maximum reverse speed
and consequently the torque spike induced with an on-the-move shift from
reverse to forward gear. The instrumented shaft tests indicate that the
7000 1bs-ft previously measured are reduced to about 5000 lbs-ft when oper-
ating in the clutch brake mode. At this torgue, the S-N curves indicate the
new shaft would have nearly 100 times the 1ife required.
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Calculations indicate that at an engine speed of 2000 rpm the speed in
reverse will be reduced from 4.6 to 3.1 mph. This may produce a slight
adverse effect on the productivity of the M9, The maximum impact of this
change will be noticed in high stress dozing operations. Figure 3, Produc-
tion Time Line, illustrates the minimum time required to doze a slot trench
90 feet in length. Acceleration time from O mph to the maximum reverse
speed was calculated using tractive effort data and a soil strength of 120
RCI, dozing speed was assumed to be 2.0 mph, and shift times were assumed to
be 0.5 seconds. These assumptions were substantiated by typical bulldozer
performance and -ontractor testing. A comparison of cycle time was made
using the geared steer mode, the preferred steer mode in rever~se, and the
clutch brake mode, the proposed steer mode to be used in revirse. An in-
creased cycle time was estimated of not more than 10 percent. producing an
eguivalent decrease in productivity. At the maximum engine speed of 2800 RPM,
mzimum reverse speeds are reduced from 6.3 to 4.3 mph. This also produces a
decrease in productivity of not more than 10 percent. This is a worst case
estimate, which would only be expected during high stress operations. No
productivity loss is anticipated during normal operaticns.

Because productivity is affected by many variables; operator experience,
visibility, type of dozing, soil condition, etc; testing for losses of this
magnitude would be difficult if not impossible. Operator experience and soil
conditions each can account for up to 40 percent of the production of a
tracked tyne dozer. It is therefore concluded that the risk of significant
productivity loss {s negligible. ‘

e Gear Shift Guide Modification

This change is intended to increase the time required to shift
between forward and reverse gear positions, and to increase awareness that a
direction change is involved. However measured shift times and shaft torques
with the original and modified shift guides showed very smaiil differences.
The effect of this change is therefore judged to be minimal and probably
unnecessary in view of the effectiveness of the other changes.

The conclusion AMSAA drew from reviewing the available data is that the
risk of a modified M9 not meeting a 600 durability goal under conditions
experienced in FOE testing is virtually negligible, The fix significantly
increases the fatigue life of the shaft and should not transfer the faflure
to another component in the drivetrain, However, as with any change to a |
critical component, some type of validation of the fix is required. This can
be accomplished by either retrofitting an old vehicle prior to production or
in IPT, but validation should not be required for a production decision.

Even with these modifications the new shafts are not abuse proof. Pre-
mature failure could stil] occur if the operator frequently shifted from
reverse to forward at maximum engine speed {2800 rpm). Normal operating
procedure should continue to require a stop before shifting from reverse to
forward. ‘ ‘
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6. VERIFICATION TESTING
6.1 Test Outline.

In September 1985, during the DA Program Review presanted to the
ASARC for the M9 ACE, a decision was made to conduct a verification test
according to AMSAA's recommendations. AMSAA was tasked with preparing the
Test Design Plan (TDP). (Appendix D) :

The purpose of the test was to demonstrate the adequacy of the
recommended fix, specifically verifying the increased fatigue life of the
shaft as projected by the contractor. The test was designed to simulate,
under controlled conditions, the situation which caused the fatigque failures
during FOE, namely, to duplicate the effect on the M9 when digging fighting
positions competing with the D7 bulldozer. This was accomplished by cycling
the vehicle from a reverse to forward motion without reducing engine speed,
as was done during FOE. Dozing was not included due to the relatively low
torsiona’l spikes which are generated in the shaft as compared to shifting on
the move.

The original test plan cailed for four drive shafts to be tested
~using two vehicies, two shafts of the old (FOE) design, and two shafts of the
new design with the modifications applied to both the shafts and the vehicles.
During testing a fifth, intermediata design shaft was tested. This shaft had
several but not all of the modifications the contractor proposed.

During all testing, the vehicles maintained a constant engine speed
of 2000 rpm before shifting from reverse two to forward two. Shifting was
conducted as rapidly as possible with no reduction in engine speed. The TDP
called for the vehicle to come to a complete stop before shifting from forward
to reverse; however, during testing of the first original shaft this was
changed to incorporate a shift on.the move (2000 rpm) maneuver when changing
both forward and reverse directions. A survey of the drivers prior to veri-
fication testing indicated that the vehicles were brought to a complete stop
when shifting from forward to reverse. This was later det .rmined to be not
what actually occurred during FOE. : :

The unmodified vehicle containing the original shafts was shifted
from reverse two to forward two in the geared steer mode. After shifting
from reverse to forward, and on the forward move, the vericle was shifted to
clutch brake steer mode, the preferred dozing mode. Cycling continued until
shaft failure, with the drivers rntated as necessary. Upon the first failure,
the intermediate design shaft was mistakenly installed in the vehicle instead
of the second original shaft. This shaft was tested in an identical manner
and eventually replaced with the second original design shaft which was tested
until failure.

The vehicle with the modifica*ions and modified shaft, was tested
similarly to the unmodified vehicle, shifting on the move. The modified
geared steer link insured operation in the clutch brake steer mode in both
the forward and reverse directions when shifting. Testing of this shaft con-
tinued for a minimum of five times the number of cycles required to produce
failure in the original shaft. The second modified shaft was then tested in
an identical manner.

12




Data recorded during testing included drive shaft torque, shift
position, engine speed and a count of the cycles accomplished. A continuous
record was maintained on m:gnetic tape with periodic monitoring accomplished
using an oscillograph printout of all the measured values.

5.2 Test Results.

Verification testing of the M9 ACE transmission output shaft was
completed in November 1985. Complete testing procedures and results are
documented in the PACCAR Report M9 Armored Combat Earthmover Drive Shaft
Report dated January 1986. Test results are summarized in Table 2.

Testing on the first shafts, both original and modified, included
6489 cycles of one way loading as called for in the original Test Design Plan.
During this period, the vehicle was brought to a complete stop when shifting
from forward 2 to reverse 2 and shifted from reverse 2 to forward 2 at an
engine speed of 2000 rpm. This produced average one way torsional loacdings
or spikes of approximately 6800 1bs-ft for the original shaft and approxi-
mately 5000 1bs~ft for the modified shaft with no load reversals. The
remainder of the cycles, shown in Table 2, were completed under reversed
1ocading with the vehicle being shifted at an engine speed of 20C0 rpm in both
the forward and reverse directions. For the original shafts, the vehicle was
operated in the geared steer mode when in reverse and clutch brake when
moving forward. This produced average loads of approximately 6500-6700 1bs-ft
when shifting from reverse to forward and -5000 1bs-ft when shifting from
forward to reverse. In addition, shifting from grared steer to clutch brake
~after shifting from reverse to forward, produced a secondary torque spike of
approximately -5000 1bs-ft. Under this type of reversed loading, the original
shafts 1 and 2 withstood 2019 and 2136 cycles, respectively, before failing.

The modified des1gn insured operation in the clutch brake mode,

when operating in both forward and reverse. This effectively reduced the
Toading to approximately 5000 1bs-ft when shifting from reverse to forward and
- =4400 1bs-ft when shifting from forward to reverse. Also, since the vehicle

was continuously operated in the clutch brake mode, the secondary torgue spike
was eliminated. Testing on the modified shafts was halted before failure
because the test criterion to demonstrate five times the 1ife of the original
shafts was exceeded. The modified shifts 1 and 2 were subjected to 36051
and 11000 cycles respectively of reversed torsional loading.

Also tested during the verification test was an intermediate shaft.
This shaft was mistakenly placed in the unmodified vehicle upon failure of
the first original shaft., This shaft was tested with an average reversed
loading of approximately 7300 lbs~ft to -4800 lbs-ft for 11388 cycles. It
was removed from the vehicle prior to failure.

The total number of cycles accumulated on both vehicles were 33,032
and 42,450, respectively. Both original shafts, the intermediate shaft, and
the second modified shift were tested using the first vehicle. To reduce
down time, the entire transmission with the shaft instalied was replaced with
the second original shaft. This transmission was used until failure of the
shaft (2136 cycles) while the original transmission was operated throughout
30896 cycles. The first modified shaft was the only shaft tested in the
second vehicie.

13
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No majnr drive train failures were reported during testing even though
the vehicles had been exposed to prior testing. Minor problems which occurred
inclided replacement of the shifter bearing and the gear shift lever. The gear
shift lever experienced significant wear due to the protruding ear on the
modified gear shift guide. After completion of the test, a tear down of the
transmission, steer unit, and final drive assembly was conducted on both
vehicles. A thorough inspection revealed cracking of the reaction member of
the torque converter and galling, or wearing, of various components within the
final drive assembly.

6.3 Failure Analysis.

Upon completion of the verification test, three drive shafts were
submitted to the Materials Branch, CSTA for a failure analysis. These in-
¢luded the two failed original shafts along with the intermediate shaft. The
analysis was conducted to determine if the failure mode was similar to that
which occurred during FOE and to determine how the intermediate shaft differed
from the two original shafts. This analysis was similar to the one conducted
on the FOE shafts. :

The analysis concluded that the fracture features were nearly ident-
- ical to those of the shafts that failed during FOE. Cracking initiated near
the fillet of each spline tooth and propagated longitudinally and radiailly,
identical to the FOE failures. The material properties of the failed shafts
indicated that they were identical to the original FOE shafts. (AISI 8822)

A chemical analysis of the intermediate shaft revealed that it was
constructed of a different alloy (AISI 8640). This is the material which was
proposed for the new modified shafts. This effectively increased the case
depth and the core hardness of the shaft. Although the shaft had been reported
to have been shot peened, it was not possible to ascertain if this process had
actually been performed. There was no significant change in the root radius
of the splined region when compared to the original shafts.

‘The intermediate shaft did display a significant improvement in the
fatigue 1ife in comparison to the old design. No indications of cracking or
any surface defects were seen from a magnetic particle inspection of the shaft.

6.4 Discussion.

The failures achieved during verification testing duplicated the
failures in FOE, A1l failures were determined to be caused by reversed tor-
sional fatigue, with the fractures occurring in the same location on each
shaft, at spline runout. This indicates that the same type of loading was
experienced in both the verification test and FOE.

Although the loadings were of the same type during both tests, they
were more severe during the verification test because they were consistently
repeated at the maximum level. Failure occurred within 2100 cycles during
verification testing while an estimated 15,000 cycles were necessary to pro-
duce failure during FOE. This was probably due to the controlled n~ture of
the verification test. Each shift was conducted at a constant engine speed,
producing the consistant loading necessary to compare the new shafts to the
old shafts. The FOE was not controlled in this fashion, shifting was conducted
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at random engine speeds, producing various loadings. Although not all of the
torsional spikes during FOE were of the magnitude of verification testing, it
is obvious the- enough were experienced to cause failure.

Testing at these consistently higher loads during the verification
test is thought to have produced somewhat conservative test resuits. In
examining the S-N curve, it can be seen that the difference in fatique life
between the old and new shaft grows smaller as the loading is increased. If
testing at high loads demonstrates an increase in fatigue 1ife, as was demon-
strated during verification testing, an increase of at least this much if not
more, would be seen at lower loadings. Regardless of the magnitude of the
load, the new shaft displayed a relative increase in fatigue life of over five
times of the old shaft, without failure.

During testing of the first original shaft, the test procedure was
changed to incorporate a shift on the move maneuver in both the forward and
reverse directions. Two factors led to this change in procedure; a) it was
determined that the original test plan did not accurately duplicate the condi-
tions experienced in FOE, and b) the test time could be reduced drastically by
shifting on the move in both directions.

A survey of the operators taken before the TDP was developed indi-
cated that they had brought the M9 to a complete stop when shifting from
forward to reverse. Even on quick shifts, it was felt that dozing resistance
would slow the vehicle to a stop before shifting cou'd be completed. Early
in the verification test, it was determined that this was not what actually
occurrec during FOE, In further discussion with the operators, at leastone
reported that a shift on the move type maneuver was used when shifting from
forward to reverse to dislodge dirt from the blade of the MS. A reviaw of
.the Materials Branch Fajlure Analysis of the FQOE shafts showed cracking
-initiated on both sides of the spline root fillets, indicating that a signi-
ficant amount of torque was applied in both directions. Therefore, it was
concluded that shifting on the move in both forwa~d and reverse would more
closely simulate the effects of FOE testing.

The effect of shifting on the move in both forward and reverse pro-
duced a nearly fully reversed type of loading.. This type of loading was
expected to drastically reduce the test time required to fail the original
shafts. Accurately predicting the fatigue 1ife to determine actually how much
test time could be saved, proved to be a difficult task. Variables which can
lead to an inaccurate prediction include: a) the irregular stress distribution
generated due to stress concentrations at the spline fillets: b) a iarge ,
scatter in fatigue data; and ¢) a complex loading cycle which resembles a fully
reversed type of cycle but apprraches a random type of loading. Although accu- ’
rately predicting the fatique 1ife expected during the test would be difficult '
if not impossibie, an estimation of shaft life was calculated using several
assumptions. This produced a relative basis between the old and new test -
procedure to be used as a comparison.

"The assumptions used to ca]culate—the fatigue Tife includeu:

a. The shaft was treated as a solid round shaft when calculating
the torsional stresses. The stress concentration due to the splines were
neglected. ‘ :
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b. The loadings were applied in a sinuscidal cycle. Figure 4
illustrates the difference between a sinusoidal cycle and the cycles which
were actually produced during testing both before and after the test plan was
changed., It is apparent that the actual test data approach a random type
cycle,

The scatter in the fatigue data'(S-N curQe) is inherent in any type
of fatigque testing. Although this can be minimized by closely controlled
'testing, it cannot be eliminated due to the statistical nature of the materiai.

The fatigue 1ife of a component exposed to non-reversed loading can
be estimated using the S-N curve and a Goodman Diagram. The Goodman Diagram
(Figure 5) illustrates the effect of the mean stress on the alternating stress
levels and the stress range. It can also be usea to predict an equivalent

- fully reversed locading which produces the same effects as a non-reversed
loading. The estimated fatigue life can be read directly from the S-N curve
using this equivalent fully reversed loading.

Knowing the stresses generated and the material properties of the
component, a Goodman Diagram can be constructed. The stress range is plotted
on the ordinate and the mean stress is plotted on the abscissa. A line drawn
at 45 degrees passes through the zero point of the diagram and out to the
ultimate strength of the material. The maximum and minimum stress fur each
cycle is then plotted at the corresponding mean stress., Because of the rela-
tionship between the stress range and the alternating stress, these points
will fall at an equal distance above and below the mean stress line drawn at
45 degrees. Lines then projected from the ultimate strength, through these
points and back to the ordinate will reveal the equivalent, fully reversed
range of stress. Since the S-N curve is plotted as a function of load instead
of stress, the corresponding load which produces this stress must be calcu-
lated. The fatigue 1ife can then be read directiy from the S-N curve.

The same resulté can be obtained by solving for Ja in the equation
which describes the Goodman Diagram..

Ca = Te [t~ (3]

where: 5 = alternating stresses

Oe = fatigue 1imit for completely reversed loading
‘Om = mean stress :
gy = ultimate shear stress (torsioral loading)

Both this equation and the Diagram can be solved using either
stresses or the corresponding loads. Since the fatigue data generated by
Clark Equipment is. in terms of the applied loading, these are more easily
handled using loads in lieu of stresses. Using this methodology an estimate
‘of the number of cycles which the shafts could withstand was calculated for

~shifting on the move in reverse only and shifting on the move in forward and
reverse.

Results of this analysis indicated that if the test procedure was

left unchanged, the number of cycles the original shaft could withstand could
exceed 60,000. In comparison, by changing the test to incorporate a shift on
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the move maneuver in both directions, test time could be reduced to approxi-
mately 3000 cycles. In view of these estimates and the conclusion that on the
move shifts in both directions were indeed made during FCL, the test procedure
was changed. '

Changing the test plan after the start of the test raised an obvious
question - what effect did the 6489 cycles which were conducted under the
original test plan have on the overall results of the test? It was analyti-
cally predicted and verified by the test that these cycles had very little
impact on the fatigue 1ife of the shafts.

The first 6489 cycles produced a different alternating stress and
stress range than that which was produced after the test was changed. When
more than one stress level is present over the life of the component, it
becomes necessary to combine the overall effects of the varjous stresses to
estimate the life. The total life can be determined by adding the percentage
of lives consumed at each stress Jevel. If ny and np represent the number of
cycles a specimen is subjected to at different stress levels, and Nj and. Nj
are the respective fatigue 1ife of the specimen at this corresponding stress,
then: .

o+ N2 =1
Ny N2

This equation, known as the cumulative damage rule or Miner's rule,
can be used to assess the impact of various loadings on the overall fatigue
1ife of the shaft. The actual test results showed that the 1ife. consumed by
the original 6489 cycles was small compared to the life under the fully
reversed loading test. The first original shaft which experienced the 6489
cycles, failed at 2019 cycles of reversed loading. The second original shaft
which only experienced reversed loading failed at 2136 cycles. Using Miner's
Equation the effect of the original loading was estimated to be 6489 .

‘ 115,385
This is approximately 5.4 percent of the total life of the shaft. The 6489
cycles of nonreversed loading were considered to have very little impact on
the overall test, therefore 2136 cycles of reversed loading was used as a
baseline for the modified shafts. However, to relieve any concerns, the first
modified shaft was tested for 42,540 cycles (including the 6489 non-reversed
cycles) which is five times the total number of cycles on the first original
shaft. ‘

The results obtained from the intermediate shaft provide a great
deal of {nsight as to the effactiveness of the fix. This shaft was tested in
place of an original shaft, in an unmodified vehicle. This produced higher
loadings than the modified shafts would be exposed to due to the absence of
the modified geared steer link, Also, the intermediate shaft did not have the
increased fillet radius to reduce the stress concentration in the splined
area, These are the two most prominent features in increasing the fatique
1ife of the shaft. PRegardless, the intermediate shaft endured over five times
the baseline 1ife of the original shafts with no indication of cracking or
fatique. ‘

Since only one intermediate shaft was tested, and that inadvertently,
it should not be considered a replacement for the proposed fix. All of the
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proposed modifications are still deemed necessary and are required. The fully
modified shafts are expected to have a fatigue life much greater than the
intermediate shaft at no additional cost.

The cracking of the reaction member of the torque converter and the
galling of components within the final drive assembly may be attributed to the
excessive amount of consistencly high torsional loads encountered during the
verification test. However, thase problems are not expected in operation
within durability goal of the vehicle for the following reasons:

e It is not clear how much of this was induced from testing grior
to the verification test.

o Two vehicles were used to simulate the life of five shafts.
These vehicles experienced significantly more high torgue appli-
cations than would be expected during the normal life of the
vehicle. .

o The fix actually reduces the magnitude of the torsional spikes.
Maximum torsional loadings on the modified vehicle will be lower
than those experienced during FOE, where no indication of this
problem was seen.

7. CONCLUSION
The following conclusions were drawn from this study:

a. Failure of the transmission output shaft was caused by reversed
torsional fatigue due to the operater shifting from reverse to forward and
vice versa before bringing the vehicle to a complete stop. :

‘ b. The fix reduces the maximum reverse speed of the M9, slightly
decreasing productivity {less than 10 percent). This will be most apparent
in highly stressed situations with very little or no deterioration in produc-
tivity expected under normal operating conditions. In comparison to other
factors which influence productivity, fe; operator experience, visibility,

~soil conditions, etc, this degradation is considered to be insignificant.

c. The modifications to the M9 ACE and the transmission output
shaft are predicted to increase the fatigue life of the shaft by more than
100 times. DOuring verification testing the shafts were tested in excess of
five times the fatigue Jife without failure. Durability goals will be satis.
fiad by this increased life,

d. The proposed modifications dd not transfer failure to any other
drive train components.

e. The modified design is not considered abuse proof. Shifting on
the move at maximum engine speed (2800 rpm) may still produce premature
failures. The vehicle should continue to be operated according fo the opera-
tor's manual, i.e. bring the vehicle to a complete stop before shifting from
reverse to forward or forward to reverse under norma! operations.
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, f. Verification testing simulated the conditions which caused
initial failure during FOE. The failure type and location were identical to
the original failures.: ‘

g. Adequacy of the transmission shaft fix has been sufficiently
demonstrated. No further. operational testing is considered necessary.
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SUMMARY SHEET
M3 ACE DRIVE SHAFT SOLUTION

DESCRIPTION OF FAILURE

DURING THS M9 ACE FOLLOW-ON-EVALUATION (FOE), FIVE TRANSMISSICN CUTPUT DRIVE
SHAFTS FAILED IN FATIGUE. THE FAILURE WAS CAUS:D 8Y OPERATORS SHIFTING FROM
REVERSZ TO FCRWARD WITHOUT FIRST StOPPING THE VEHICLE AS REQUIRED IN THE MANU

DESCRIPTION OF FIX

IMPROVE THE FATIGUE STRENGTH OF THE SHAFT AND AT THE SAME TIME REDUCE THE MAGNITUDE

OF TCRQUE. SPIKES INDUCED IN THE SHAFT, BY INCORPORATING:
1. A SHAFT WITH HIGHER FATIGUE STRENGTH
2. A MODIFIED GEAR SHIFT GUIDE (INCREASE TIME TO REVERSED ,
3

A MCDIFIED GEARED STEER LINK (PREVENT GEARED STEER [N REVERSE)

TESTING , 3

. MEASURED TORQUE IN THE SHAFT AT VARIOUS OPERATIONAL MCDES.
CONDUZTED FATIGUE TESTING OF OLD AND NEW SHAFTS.
MEASURED TORQUE IN THE SHAFT WITH MODIFICATIONS APPLIED.

FINDINCS

MAXIMUM INDUCED TORQUE IN THE SHAFT OCCURS AS THE MQ IS QUICKLY SHIFTED TO
FORWARD (WITHOUT REDUCING POWER) AFTER MOVING REARWARD IN GEARED STEER AT
MAXIMUM SPEED. 7000 LB FT.

IMPROVED SHAFTS HAVE 6 TIMES THE LIFE CF THE OLD SHAFTS

THE MODIFIED GEARED STEER LINK AND SHIFT GUIDE REDUCE. THE MAXIMUM INDUCED
TORQUE TO 4700 L8 FT.

MAX IMUM NUMBER OF CYCLES AT THE WORST CASE IS 57,000.

RISK ASSESSMENT

CHANGES TO THE M9 ARE MINOR. THE RISK OF INDUCING ANOTHER METHCD OF FAILURE IS
MINIMAL. . THE RISK THAT THE CHAMGES DO NOT '"FIX'" THZ PROBLEM IS LOW.
- 1. SHAFT LIFE 6 TIMES GREATER.
2. MAXIMUM INDUCED TORQUE REDUCED B8Y 33%. o
3. TOTAL SHAFT LIFS (CCMSIDERING REDUCED TCRQUE)D IMCRLASED FROM
2100 CYCLES TO QVER 1,000,000 CYCLES.
4. INDUCED TORQUE SPIKES "o ALL OTHZR COMPCNENTS REDUCED 333,

COST IMPACT

CN FUTURE PRODUCTION ~ NO CHANGE.
ON RETRCFIT BASIS ~ 3 MINCR PARTS ARE REPLACED (LESS THAN 5100)

CONCLUSION

THE DESCRILSD FIX WILL IMPROVE THE LIFS CF THE TRANSMISSION SHAFT ~0CM 2130 -
CYCLZS TO OVER 1,000,000 CYCLES. (WCRST CASE !5 57,000 CYCLIS). SHAFT LIFE
H2S 22N FROVEN 3Y TEST.  ANY FURTHER TESTING [§ OF MARGINAL BENEFIT.

RECCMINDATICNS ,

RETRCFIT THE EXISTING FLEET VWiTH Nl [MPROVID 5HAFT, A MCOIFIZD SHIF
GUIZEZ AND AL WCDIFIED SEARED STEER LINK,

APPROVE ECP PCF J939%0 rCR ALL FUTURZ PRCIUCTION,

NO FURTHER VERICLE TESTING IS Qc'”‘“:U:CD.

PROCIED WITH PRODUCTICN, 7
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INDUSTRIES

A DIVISION OF PACCAR

IE DEFENSE | M9 ACE TORQUE SPIKES

- | 1400 RPM 2000 RPM

C

VEHICLE MOD R2-F1|R2-F1|R2-F2 |R2-F2 | R2-F1 | R2-F1 | R2-F2 | R2-F2.
: c8 GS | CB GS cB GS cB GS

STD SHIFT/BLADDER | 3200 | 56200 | 3800 | 5400 | 4600 | 6900 | 4900 | 7000

MOD SHIFT/BLADDER 3000 | 5000 | 3200 | 5200 | 4600 | 6900 | 4700 | 6800

STD SHIFTW/SPRING 3200 | 56300 | 3400 | 5500 ; 4600 | 6800 | 4900 | 6800

MOD SHIFT/SPRING -3200 5200 | 3000 | 5400 | 4400 | 6800 | 4500 | 6700

6

'OTHER TORQUE LEVELS

“NGINE MAXIMUM THEORETICAL OUTPUT | , — 5200
TORQUE AT TRACK SLIP, 1ST GEAR | — 2530
TORQUE AT BRAKE SLIP, 1ST GEAR . — 3500
ENGINE AT 2800, SHIFT INTO 1ST GEAR ‘ — 3700
MAXIMUM ACCELERATION, 2800 RPM 1ST THRU 4TH GEAR — 2100
TYPICAL BULLDOZING : : — 2900

ALL VALUES IN LB-FT MEASURED WITH 18000 LB BALLAST




PACIFIC CAR AND FOQUNDRY COMPANY
ENGINEERING DEPARTMENT

NaME 7, S LA 2 REFERENCE 8 AL
DATE b Ses s PES PAGE oF

/O RlE REULERSSL E Yo lLLS
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PACIFIC. CAR AND FOUNDRY COMPANY
ENGINEERING DEPARTMENT

NAME REFERENCE

DATE PAGE OF

CRLECLBTZ?ONMS

W ORST CRAEE NMIITBER OF BELELIIPLS 1NV 00 4%,

C/ 2(500)@;49)@757) = 5,000 c.ycéﬁf

ESTWIRTES JWAPTELZ O0F oYy CLES B LAo/s
SEBE T FOILLRE ORI TOL

PUERPEE FE ST Hoowrks (5 VENLES) = /6D He
B SSUITE  RFID ronk FRAF
CYCLES 7 FrAL SPE

g = C_/_éZ)c,?@(?sv) = )3800 @yciES

DESI6N avelbEs — SL200.

A

PCF-RIN=1294




PACIFIC CAR AND FOUNDRY COMPANY
ENGINEERING DEPARTMENT
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WA E VY DO A /’

PANS = CLeTrs masie = PO% ok rus ,vivs,
2, AR STITELEL I)FOOE D/O T HEY 5E e HEN

BACLANE o 7

SN = GCEPRED STEER = FO5 oF rya FE,
B, WAHEN DO FTHE Y RESLEST O Ll lH

RBRAKE SETER  Bpokias o ]

ANS = BETERZ  SIHETING BN DPERIANS
FOR N A RO S0, :
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TN A S PR T B A A " 2 T Y 78 i T 7 e T T e TR e T T e

DOZING OPERATION
MOVEMENT OF TRANSMISSION

SELECTOR FROM NEUTRAL
THAOUGH R2 SHIFTS STEER
SELECTOR FROM GS TO CB.

2TOMCB TO GS.

HIGH SPEED OPERATION
MOVEMENT OF TRANSMISSION
SELECTOR FROM F4 THROUGH
F6 SHIFTS STEER SELECTOR

33 The next page is blank.




APPENDIX B
MATERIALS BRANCH FAILURE ANALYSIS ON:

FOE SHAFTS

The next page is blank,
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STECS-EN-PM

Title of Report:

ENGINEERING DIRECTORATE
PHYSICAL TEST DIVISION
REPORT NO. 86-1-2

Date of Report 2 JUL 1388%

TECOM Project Title:

TRCOM Project No:

M3 ACE Transmission Qut»ut Shaft Failure

Pirst Article: Initial Production Test

W.0. No. _330-21470-50

8~EG-T785-ACE- 201

Tonducted For:

Mr. L. Weaver, Wheeled Veh. Br., Support Eq. Div.,

Close Combét4§ys} Directorate

References: Metals Handbook, Ninth Edition, Volumes | and 4, Eighth

Edition Volume 10; ASTM E45-84; SAE Handbook J4398%

TEST 03JECTIVE:

(o]

The objective of this investigation was to determine the cause of failure
of the transmission output shaft of the M9 ACE.

INTRODUCTION:
1. Testing was conducted from 14 May & to 2 Jul 85.

2. During Follow On Evaluation of the M9 - ACE, the transmission output
shafts of five test vehicles failed. (rhis type of failure disables the
vehicle and requires replacement of the power pack for repair. .) The shafts
from two vehicles were evaluated by Clark Equipment ( the manufacturer of the
transnission). The other two shafts, numbered. 9 and 11 weres submitted to the
Yateria.3 Branch for an analysis of the failure. Because there were no
failures during the Iaitial Production Test, output shafts from twod of the
three IPT vehicles number 3 and number 4 were submi*ted to be compared with the

failed shafts.
PROCZDURE:
1. Fracture surfaces were examined and photographed.
2. The splined portiorn of the failed shaft number 1l and the two unfailed
ghafts were magnetic particle inspected to reveal the extent of craciking. The

two unfailed shafts were sectioned in *he spline runout area.

3. All shafts were chemically analyzed by x-ray fluorescent spectroscopy;
carbon and sulfur levelz were determined by IR absorption of combustion gases.
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4. Rockwell hardness measurements wece taken on the shaft surface, at 3/4
radius, a%t $/2 radius, and at the center.

5., A ladoratory fracture was produted in the longitudinal radial plane by
putting a circumferential shell about 10 mn thick in bending. The hardened
case wWas on “ha tension side; the section was from shaft 9 near the threaded
end.

6. Microhardness was measured as a function of distance from the root or
fillet surface on all four shafts and from the crown surface on shaft number 9.

7. Longitudinal metallographic specimens were examined for inclusion con-
tent according to ASTM E45, Method A.

8. The microstructure in the case and core regiors of each shaft was ex-~
amined on transverse specimens.

1. The fracture surfaces are shown 1in PFigures ! and 2, Appeadix I.
Cracks, which were initiated near the fillet of each spline tooth, propagated
lorgitudinally and radially. At the spline runout and the end of the engage-
ment #ith the nating splines, the cracks propagatad transversely. The final
fracture occurred in the tranaverse plane at the spline runout. Both fractuies
were identical except that the longitudinal cracks propagated deeper radially
on shaft number 9 than shaft [].

2. Magnetic particle inapection revealed no. cracks away from the highly
atressed end of shaftll. Both unfailed shafta have longitudinal cracks in each
fillet. The cracks range from 5 to 10 mn in length; at the end of engagement
and the hYeginning of runcut, branches propagate across roots and up teeth at
45° to longitudinal axis of the shaft (see fig. 3, app. I). These cracls all
extend through the case as shown in Figure 4, Appendix I.

3. The chemical analyses of all four shafts conform to specifications for
AISI3822 (See table 1, app. II). ‘

4. All four shafts had similar macrchardpess profiles (See table 2, app.
11). ‘

5. The Llaboratory fracture showed a mixture of cleavage and microvoid
coalescence in the hardened case area (See fig. 5, app. I). The core fracture
appearsd "woody" by visual observation. <Examination in the IM reveals aicro-
void coalescence initiated at long stringers and large round inclusions.
Fizure 5, appendix I shows an example of each. The stringers were identified
as ¥nS; the round inclusions were identified as calcium modified alumina.

5., The =micrchardness profiles of the four shafts near their fillets were

similar. The case was deeper as measured from the spline crown. (See graph 1,
app. III.)
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7. The 1inclusion content was rated at 3 for <type A thin series; it was
rated at ! for tyve D thin, ! for type D thick. Several type D inclusions
ranging from 15 %o 25 m in diametar (thick series are in the 12un range) were
found. Examples are snown in Figures 7, 8, 9, Appendix I.

8. The uwmicrostructure of the case i3 martensite with soze retained aus-
tenite (see fig. 10, app. I). The =microstructurs of the core is predcminantly
bainite (see fig. tt, app. I).

DISCUSSION:

{. The failure occurred bYby reverse torsional fatigue. The cracis
originated and propagated near the root fillets of the splines in the lon-
gitudinal planes in %the radial direction. The exact origin of the cracks is
unclear because the surfaces rubbed during propagation. If there were no ex-
isting cracks or surface flaws, fatigue cracks should initiate at the case/core
interface because this area has the most atress for its strength. But it is
uncertain how tha stress concentration varies with depth into the shaft. The
existance or absence of quench cracls prior to loading the shaft cannot be
determined. But an intergranular crack found through the case in a micro-
specimen taken 20 mm from the threaded end of the shaft indicates that trans-

formation induced stresses are assiasting the crack formation (see rig. 12, app-
I \ )

2. The chemical composition of the core is satisfactory.

3, The similar =nicrohardness and macrohardness profiles of the four
shafts indicates that they all received similar heat treatments. The necessity
of suc. a1 hard case in *he splines is juestionpable. A 3ofter case would cer-
tainly have more fracture tougimess and lower tranaformation induced stresses.

4. The high nommetallic inclusion centent of these shaftas is not a cause
0f failure. But the high content is accelerating the rate of c¢rack growth in
the core. This is evident both from the branching of the fatigue cracks as
seen in Figure 4, Appendix I and from the laboratory fracture as seen in Figure
6, Appendix I.

5. The nicrostructure of the core is appropriate. The microstructure of

the case consists of martensite which hasn't been tempered enough to be ductile

at room tecperature (see fig. 5, app. I), and it contains austenite which is
prone to <‘ransaformation which indwces addltlonal stress2s and introduces a
brittle phase. untempered martensite.

5. The manufacturer nas initiated a fix, which iacludes shot peening the
ghaft and using AISIS640 steel. The use of the harder steel should increase
the shaft life by slowing crack propagation in the core, but this doesn't ad-
dress :he problea of crack initiation. Shot peening should help prevent crack
initiation, but considering the consistent initiation in these shafts, it is
questionable whether shot peening will prevent all crack initiation.
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CONCLUSION ¢

The fatigue failure of the M9 ACE transmission output shaf.s occurred from

reversing torsional loads as applied upon chunging direction of the venicle.

Contributors to the failure include a case with low tougimess, which aided in
erack initiation, and a high inclusion content, which accelerated crack growth

1%

in the core.

RECOMMENDATIONS:

1. Lowering +the 'stress at the spline fillet will increase life.
Increasing the fillet radius or using a fillet root spline will decrease bdoth
transformation induced streases and operating stresses. Requiring operators {0
coze to a complete stop will lower the amplitude of the stress reversalas and
thereby increass shaft life.

2. The aetallurgical fixeas of the manufacturer are narginal. A more
fracture tough case in the 3plines could be obtained in conjunction with a very
hari surface oa the bearing race (further up the shaft) by selective carburiz-
ing or induction tempering.

3 Enclosures

Appendix I - Figures
Appendix II - Tables
Appendix III - Graph

| SUBMITTED:
7 S
%ENDRIX 6/

¥aterials Branch

AEVIZWED: ' , . PPROVED:
o 7 /’7//\ i
C;//’<::;=~éff N A fi1<1,‘4:f/, y
CHAZLES R. KLARICH ‘ KERSEX A. JONES, .
Chief ‘ ‘Chief

Yaterials Branch ' Physical Test Division
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“Figure 7. ‘Manganese sulfide inclusions, type A stringers. MAG: 100X

ny

igure 3. Type D inclusions. See figure 9. MAG: 100X
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a4




-~

<)

Figure 9. Calcium modified alumina inclusion with a shell of
calcium modified manganese sulfide MAG: 1000X

Figure 10. Microstructure of‘hardened case. Gray and dark
constituents are plate nartensite; white constituents are retained

austenite
MAG: 800X
ETCHANT: PICRAL
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Figure 12. Transverse microsection taken 20 mm from threaied end.

" Note in*ergranular fracture in center of root. Scale is in inches.
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TABIE 1. CHEMICAL ANALYSIS OF SHAFTS.
c Mn ? S Si Cr Ni _¥o
#3 1PT .22 . 82 . 002 .016 .15 « 47 .42 « 32
# IPT . 22 .83 . 005 .018 .25 .49 .42 1
#9 TOE .23 . 81 . 002 .018 .15 .46 .41 . 32
#11 FOE . 2t .. 83 . Q07 LOt7 .36 . . 49 o 1}
AISI 8822 + 20~ e B= .035max .040max .15~ . 40= + 40~ » 30~
.25 1.0 .30 .8 .0 .40
TABIZ 2. ROCKWTLL HARINESS, "C" SCALE
Center 1/2 Radius 3/4 Radius Surface ‘
#3 IPT 27.6 27.0 29.0 63.2 , T
44 1PT 2641 27.1 30.0 63.1
#9 FOE 25.8 25.7 . 26.3 ; 62.8
Appéndi; II
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APPENDIX C

MAB ASSESSMENT

The next page is blank.
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DEPARTMENT OF THE ARMY
U. S. ARMY MATERIEL SYSTEMS ANALYSIS ACTIVITY
Aberdeen Proving Ground, Maryland 21005-5071

REPLY TO
ATTENTION OF

AMXSY-CM . 6 SEP 1963
SUBJECT: M9 ACE Drive Shaft Fix

Commander #
US Army Tank-Automotive Command

ATTN: AMCPM-M9

Warren, MI 48397-5000

1. Per your request, AMSAA, with TECOM assistance, has assessed the proposed
fix for the M9 transmission output shaft and the risk associated with a produc-
~ tion decision prior to validation of the fix. The enclosed memorandum contains
that assessment. ‘

2. As with any change to a critical component, some validation of the fix is
required. However, having reviewed the proposed fix for this drive shaft and
the supporting contractor data already available, it is concluded tnat the
risks associated with this fix are sufficiently low that no additional testing
is required prior to a contract decision. Final validation of the fix can be
accomplished either by retrofitting an old vehicle prior to production or in
_the scheduled Initial Procuction Test, but should not be required for a
production decision.

3. - AMSAA point of contact is Mr. William A. Niemeyer, AUTOVON 298-6450.
FOR THE DIRECTOR: '

Encl AREND H. REID
Chief
Combat Support Division
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AMXSY-CM - - 4 September 1985

MEMORANDUM FOR RECORD
SUBJECT: M9 ACE Drive Shaft Fix

1. Issue: Whether additional operational testing is necessary to demonstrate that
the recommended fix for drive shaft failures occurring during FOE is satisfactory.

2. Background: Five transmission output drive shafts failed during conduct of FOE,
while none failed during IPT. Probably the key factor differentiating operation in
the two tests occurred in the competitive side-by-side FOE trials with the 07,
digging anti-tank ditches. During these trials, the M9 was repeatedly shifted from
reverse to forward without stopping the vehicle as required in the operators manual.
Standard procedure in IPT was to bring the vehicle to a stop before shifting fram
reverse to forward.

3. Assessment of the FOE Test Procedure: Even though the manual specifically
prohibits shifting from reverse to forward on the move, it is our opinion that the
highly stressed competitivz situation that induced the operators to use this
technique is not unlike th=2 stress induced by combat conditions. Therefcre it is
concluded that a fix must be incorporated in the M9 to preclude premature shaft
failure under these operating conditions.

4. Description of Fix: Three modifications have been proposed to eliminate fatigue
failures in this shaft..

a. The shaft has been %edesigned with a material change from AISI 8822H to
AISI 8640H, the radius at the spline root has been increased from .008 inches tc
.031 inches, and tha shaft will now be shot peened.

‘ b. Through a linkage change, the M3 now cannot be driven in the geéred steer
mode when in reverse. This reduces the maximum speed in reverse from 6.3 mph to
4.3 mph at maximum rpm for the clutch brake mode (or from 4.6 mph to 2.1 mph at

2000 rpm).

c. The gear shift guide has been modified to preclude a straight shift motion
from forward gears to reverse gears. The new guide requires a lateral motion around
a protruding ear when changing direction. ‘

5. Assessment of Fix: Both failed and unfailed shafts were znalvzed by the Physical
Test Division, tngineering Director, CSTA, at APG, confirming that the failures




AMXSY-CM 4 September 1985
SUBJECT: * M9 ACE COrive Shaft Fix

occurred by reverse torsional fatigue. This is significant to the retest issue
because a single cycle overload failure would not necessarily be fixed with a
redesigned shaft which merely transferred the load to the next weakest point where
failure may again occur. In that case a repeat of FOE testing would be strongly
indicated. !> such "fusing" situation exists with this shaft however.

a. Shaft redesign - Individual contributions of the several shaft changes
cannot be quantified, though all are in the right direction. The net improvement
is shown with the attached Clark S-N curves obtained from tests of the original and
new shaft configurations, FOE testing is estimated to have produced, at most,
15,0CJ cycles of maximum stress reversal, during the competitive test, to the
average shaft failure point (about 30 percent of the life required). While peak
torques experienced during FOE would vary with engine speed at gear change, failure
at about 15,000 cycles would indicate a repeated torque of about 5000 ft-1b. In
fact, an instrumented drive shaft in PACCAR testing experiencea 3400 ft-1bs torque
when shifted on the move from reverse to forward at 1400 rpm engine speed. A
similar shift at 2000 rpm produces about 7000 ft-1bs in the shaft. Regardless of
whether the peak torques are 6000 ft-1bs as indicated from FOE or 7000 ft-lbs, the
maximum from instrumented testing, the redesigned shaft would be expected to have a
fatigue life that is 5 to 10 times greater than the original shaft life,

'~ b, .Geared steer link change - This simple change prevents geared steer in
reverse, requiring the vehicle to remain in the clutch brake mode, which would
normally be used in dozing, when backing up. The effect is to reduce the maximum
reverse speed and consequently the torque spike induced with an on-the-move shift
from reverse to forward gear. The instrumented shaft tests indicate the 7000 ft-lbs
previously measured are reduced to about 5000 ft-1bs when operating in the clutch
brake mode. At this torque, the S-N curves indicate the new shaft would have nearly
100" times the life required, ‘

Jc.. Gear shift gquide modification - This change s intended to increase the
time required to shift Detween ;orward and reverse gear positions, and to increase
awareness that a direction change is involved. However measured shift times and
shaft torques with the original and modified shift guides showed very small
" differences. The effect of this change is therefore judged to be minimal, though
clearly unnecessary in view of the effectiveness of the other changes.

6. Risk Assessment: The risk that the new shaft design will not meet the 600-hour
durability requirement of the M9 ACE under conditions experienced in FOE testing is
virtually neqligible. However, even the new shaft is not abuse-proof. Should the
operator shift from reverse to forward without stopping at maximum throttle, i.e. '
2800 rpm, it is anticipated that torque peaks will be sufficiently high, even with
all fixes in place, to cause premature shaft failure. Normal operating procedure
should continue to require a stop before shifting from reverse to forward gears.
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AMXSY-CM . » 4 September 1985
SUBJECT: M9 ACE Drive Shaf* Fix

The only other e]ement of risk associated with the proposed fix is that associated
with a productivity loss in reducing the reverse speed by eliminating geared steer
in reverse. The maximum impact of this change would be in the high stress dozing
operation previously described. Calculated times for equivalent tasks are increased
less than 10 percent for such tasks and under normal operation there is no loss at
all., It is concluded that the operational risk of sign1f1canu productivity loss is
negligible.

7. Conclusion: As with any change to a critical component, some validation of the

fix 1s required. However, having reviewed the proposed fix for this drive shaft

and- the supporting contractor data already available, it is concluded that the

risks associated with this fix are sufficiently low that no additional testing is
required prior to a contract decision. Final validation of the fix can be accomplished
efther by retrofitting an old vehicle prior to production or in the scheduled IPT,

but should not be requwred for a production decision.

w,g,,,;_.a.ﬂ

WILLIAM A. NIEMEYER
Chief, Mobility Analysis Branch
USAMSAA

R, DAVIS MENTZER \J)
AMSAA Analyst

.

LARRYHARRISON
TECOM Analyst
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APPENDIX D

TEST DESIGN PLAN

The next page is blank.
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M9 ACE CRIVE SHAFT FIX VERIFfCATIDN TEST

PURPOSE OF TEST =~

The purpose of this test is fo demonstrate the adequacy of the recommended fix
for the M9 ACE Drive Shaft which failed during FOE. Specifically, the increased
fatigue 1ife of the shaft, as projected by the contractor, will be verified.

BACKGROUND -

Fiveatransmissioo output drive shafts failed during conduct of FOE, while none
failed during IPT. Probably the key factor differentiating operation in the two
tests occurred in the competitive side-by-side FOE trials with the D7, digging fight-

. ing positions.  During these trials, the M9 was repeatedly shifted from reverse to

e,

..’,

‘deOT components w1th1n the M9._

' TEST concspr .

forward without stopping the vehicle as required in the operators manual. Standard
procedure in IPT was to brxng the veh1c1e to a stop bnfore shifting from reverse to
forward - ;faw;s>fu, SRR w;o~3; - SRR ;1.'7' ‘
The peak torsional load1ng which resu]t:. from the cycllc mot1on of shifting
from reverse to forward was found to have caused the fatigue failures in the drive
.shafts. Failure occurred at an est1mated one-th1rd of the requlred durab111ty of

..,—.—,.

cyc]Ing the vehicle from reverse to forward motion, at constant engine speed, to™ ..
simulate the effect of digging fighting positions.  Since peak loading on the shaft
. occurs . while shifting from reverse to forward, a test which s1mu1ates th1s cyc11c e

behav1or w111 verify the adequacy of the f1x. f?.frBQEﬂ"M‘
_ VYehicle #1 will be 1dent1ca] to the vehicles used in FOE testing, including
" 'the diive shaft. The vehicle will be run forward and backward in a cyclic pattern -.

suntil shaft failure. . This shaft will-be replaced with an identical shaft and again:..

run until fajlure. These results should produce a baseline from which to judge’
1mprovement resu]tlng from proposed changes.

Vehxc’e #2 will be modified to 1ncorporate the fixes the contractor has
proposed These include:

(1) A new shaft with a higher fatigue life. )

(2) A modified geared steer linkage to prevent geared steer in reverse.

(3) A-modified gear shifﬁ guide to preclude a straight shift motion from
reverse to forward. :
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This venicle, with each of the two new shafts, will be operated through a cyclic
pattern idertical to that of vehicle #1 for a2 minimun of five times the life of the
original shafts or until shaft fajlure, whichever occurs first. CSince the vehicles
availeble for this test have previously experianced extensive operation, failures
cther than to the drive shaft may be expected and should not be considered relevant
to this issue. -

DATA REQUIREMENTS -

The vehicles and drive shafts will be instrumented to record:
(1) Shift Position

(2) DOrive Shaft Torque (FT-LBS)

(3) Engine Speed (RPM)

(4) Drive Shaft Speed  (RPM)

(5) Continuous Count of Cycles Accomplished

TEST PROCEDURE -

Testing shall be conducted on a hard, level surface. The M9 shall be loaded
to maximum gross vehicle weight (18,000 1b bowl load). The suspension shall be
locked in the sprung mode.

Testing will consist of cycling the vehicle from reverse motion to forward
motion to simulate the effect of digging fighting positions. The vehicle shall
achieve a constant road speed in reverse, at an engine speed of 2000 RPM, before
shifting to forward. Shifting from reverse to forward will be conducted as rapidly
as possible and with no reduction in engine speed. Shifting from forward to reverse
will be accomplished after the vehicle has come to a complete stop..

Vehicle #1 (unmodified) shall be shifted from Reverse 2 to Forward 2 in the
geared steer mode to produce maximum torque levels experienced in FOE (6000-7000
FT-LBS). Cycling shall continue until shaft fajlure, with the driver being rotated
 as necessary. Upon failure, the second ummodified shaft will be installed and
tested in a similar manner.

Vehicle #2 (modified) shall be shifted from Reverse 2 to Forward 2. The action
of the modified geared steer .linkage will insure operation in the clutch brake
steer mode. Measured torsional loads on the shaft should be approximately 5000
FT-LBS. This test will run to shaft failure or for a minimum of five times the
1ife of the orginal shaft as determined by Vehicle #1 testing. A second modified
drive shaft will then be jinstallad and the test repeated. ‘
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CRITEZRION FOR SUCCESS -

_ The proposed fix will be considered successful if the new transmission'output
shaft design demonstrates a tatigue life approximately three times as long as that
of the original configuration. :
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MY ACE DRINVE SHAFT FLAMERIFICATION TEST

PURFOSE OF TEST

THE PURPOSE CF THIS TE3T IS TO DEMONSTRAICZ 1
APD TRANMSMISSION COWTRCLS DESIGN CHANGES er
AIGSSICON QUTPUT DRIV: -.AFT

.

P EFFECTIVENESS OF THE DRIVE SHAFT
INCREASING THE LIFE OF THE TRANS-

BACKGROUND

FIVE FAILURES OF THE M9 DRIVE SHAFT OCCURRTID AT FOZ WAILE WCNE FAILED AT IPT.
THE PRIMARY CIFFERENCE BETWEEN THE IPT AND Tisf FCOE WAS THZ COMPETITIVE NATURE .
CF THE TISTING AT FCZ. THE 49 WAS IM DIRECT, SIDT-LY-SIDE CUMPETITION WITH THE ;
D7 SO THE CPINATORS WIRZ RUNMING THE MO M Gl 3TEZIR (4 HIGHER SPEED THAN ,
CLUTIH BRAKED) 40D NOT BRINGING THE WEHICLZ 19 A LT0P BEFORE SHIFTING FROM REVERSE
TC FC TU1S TYRE OF OPERATION CAULED Hibk 'OROUE SPIKES IN THE DRIVE SHAFT
WATCH KESULTED [N THE FATIGUE FAILURES OF THI THAFT.

TEST M2NCEDURE

FOUR DRIVE SHAFTS WILL BZ TESTED BY TWO VEMICLTS., ALL FCUR SHASTS WILL HAVE A
SERTAL NUMZER ETCHID IM THZM CN BOTH ENDS [2,0wZ THZY ARE [M3TALLED 1! TRE VEHICLES:
THESZ TIUMEERS WILL B2 RECIROED IN A WRITTEND LOL.  TUE PREJICUS HISTORY OF THE SHARTS

WILL B2 DOCLMENTED (HOURS CF FREVIOUS CPEP“IiC” S1CLES THIY bawWE 2Es '
USZD IND.  ALL FOUR SHAFTS WILL BE MAC PARTICLL iSPECTED SEFCRT INST/LLATION '

THE VEHICLFS WILL BE OPERATING FOR TWO JHIFTS 70 (C0LETE THE TEST 1S (UICKLY s
oo:SI,LE. TESTING WILL BT ON A HARD, 'CVCI CEACE AT DOF DEFENSE 1IOUSTRIES WIT

3 VEHICLES TRAVELING GACK AND FORTH UM - 6 RATGHT COURST OF APPRO IMATELY 30
FEtT IN LENGTH.  EACH VEHICLE WILL 85 LODED WIN1 18,000 LG IN THE ROSL TO SRING
IT UP TO MEXINLA GROSS VEHICLE WEIGHT. THE SUSPTDNGION WILL BE LOCER 111 THE EPRUMG
1MCDE.  IF THIES ARE NO FAILURES THE OPERATCNS SHOULD CE ATLE 10 COMPLOTE fiom
200G CYCLES PER DAY. PFLCTS APPRONIMATELY

X
o

Y TR g T i —

THREZ CHAMNELS COF DATA FQ?4 24C0H VEHICLE Wil BE RECCACED COMTINUQUSLY ¢ N.tAG
T/PE:  SHAFT TCRQUE, TRANSMISSION SHIFT LEVIR POSTTION AD ENGINS SPEED. THE
CATA WILL BE RECCADED PERIODICALLY O A VISICORDER TO ASSURE THAT THE DATA IS
CONSISTENT WITH THI EXPECTID WALUES. A CVCLE CRUNTER WILL RECORD THE HUMBER QF
CYCLES OF EACH VEHICLE AND THIS DATA Wlil 2% MNOTED FERICDICALLY CM A VOICE TRACY.,
THE TAPZ RECCARDZIR, VISICCRDER, SIGNAlL CONDITIONIMG A CGLIAITERS WILL BE LOCATED
AN DHETRUMTHT M,W CATA VWILL BIZ TRAMSMUTVEN 70 T /i TN UMBILINAL CoeDs,

THIRE Wille 0 QNE MY ON S22 SIDE OF 1l e,

3

‘
H

CICCRIPTION OF THE DATA JINNMILS:

SHIFT POSITICH - POTENTICMETER LJCAT&D ON THE SHIFT GLORANT

< N = - - R S gy e e
. PRCP SHAFT CTORPQUE -~ 3TRAIN GAGES WIRID TO o 7P PING. LBOTH SHAFTS wiLl ==
THSTRUMENTED AMD OO LITRATED 2Y VL“FK DALMY L0
. ENGINZ LPRED - VENMICLI TACH 330 ERAT O
CCUNTER - JIGITAL 7052 wi LT TOCIVICM T LD CATES visinLs
H.S BEEN ’Pl"f Lo




THI OOPIRATORS ILL RIASRT DIRZICTLY 7o IIiLL DOYCE.  BYNRUH CAKKE WILL BT THWE SECCND
TUSINEER IN CHARGE CF THI TIST.  THT FIRST SHMIFT WiLL “I8T FRCGY G830 TO 1500 AND
TRE OSICOND SHIFT WILL GF TR 1000 To 2530, THD CPERATLAS WILL'BE USING ELR PLUGS
AD HEADSET MELRING PRIOTECTISN. THIS WILL CGE VERIFIED ZACH TIMIZ' THE DRIVER ENTERS
CR LEAVZS ThZ VILHICLE.

THE TWO MOS WILL BT PROCUCTICN #003 ~nD PRCSUCTION #007. VEHICLE #0023 WILL

TESTED IN THZ S22 CONFIGURIATICON AS "lu. MYS WIRE AT FCE. THZ TRANIMISSICH bUTPUT
=AFT FROM PROZUCTICH 5006 WILL 8E I'IST/“\LLED IM #0035 AD TESTED TO FAILUREZ. - THIS
PHICL: WILL 8% SHIFTZD FRGA REVERSE 2 10 FS Rn’)-\RD 2 AT 2¢00 RPA WITH THE STEER UNIT
iy THS GEARZD STEER MODI.  THE COPEZRATOR WILL MAXE THE SHIFTS AS QUICKLY AS POSSIBLE
THIS TYRPE GF C:' »"~T"’"\J WILL PRODUCE TiHZ S«:“". HIZH PIAN (“'""S AS CCLUPREID AT FOE

-
1
-
-
!

~

{APPROXIMATE 0070 LZ-T70.  THE FORWARD TN REVARIT CHIFTINZ WILL BE ACCOMPLISHED
N’TCR THE \/Eh ZHIS LOME TD A COMPLITE STOR.  THIs TWiZ OF FORWARD-REVERZE

CYCLIMG WILL CCOHNTIIUS TO FATLURE WiTe THD CrElATON ROTATED AS NECESSARY. WHEN THE
FIRST SHAFT FAILS IT wILL 27 REPLACED WITH THD SHACT Filid 4003 /AND TZETED IN THE
SAAE WAY TO SATLURE. >

EOLLOWING THIS FAILURE, =f “: VTLL BE TISTED 'HT A RIDESIGNED TRANSMIISION CUTRUT
SHAFT, REDESSICNID STEER N7 LlillAGE AID F_. ' SHIFT OUADRANT, Tr 'CTIC.J

OF THEZ MODIFIED SHIFT o I‘\w:,fl Wikl ASSURL G I T CLUTCH BRaXE n;‘J: FOR
THS REVERSE 2 TO FORWARD 2 SAIFTS.  THESE DiIDTii CHAMGES wILL LOWER THI FELX TORQUES
CONSInERASLY (TO APPROAIMATELY 5000 LG6-rFT2 /!.’."L ‘.‘.:'C.JI:'-I'./ n..‘.' NCREAST TEE L.ZFC oF
THE SHAFT. THE VIHICLE WiLL 82 CPERATED TG TI IDZINTICAL CYCLIC PATTIRN AS
TISCRIED FON UNMODIFIED 5009 FCR A FTRICD UF 3 THAZD THEZ LOUGEST LIVED SHYFT COF
THE A-AILURES [ UNHODIFIED #003 OR UNTIL A SHaFT FAILVRE (WnICHEVER 20435 FIRST).

VEHICLE 4007 WILL ALSO BE TESTED WITH A NEDESIGRED TRANSMISSION CUTFUT SHAFT,
FEDZSIGNED STSER UNIT LINKAGE A RIDESICNZID SHIFY QUADRANMT. IT WILL 85 TESTED
WITH THE SAMZ PROCEDURS AS MCDIFIED §003.

Vi

THIPZ WILL B5 VISITORS FRCH AMSAL, OTZA, TECOM AHMD POSSIGLY GTHIR ORGANIZATIOMS
THAT WILL COMZ TO WITNESS PARTS CF THI TEST.

A WEEKLY SUM4ERY OF RICORADED TORGUE LEVELS /»D CYCLES &N TACH A "hIClE VLLL E’ GIVEN
TO THE M9 PM. A REPCRT WILL ALS O BE GIVEM TC THE P WHTGH A SHAFT FAILS. A2DITIONAL
A LCS WILL BE ¥Z°T OF ALL FALLURES CIUURRING TO OTHER svs g45 D ’RIN H1S TEST.

£ FINAL REPSXT OF T=3 RISULTS 20D CCACLUSICHS WILL BZ WRITTEN WHEN THI TEST 15
COMPLETE. ‘
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ENGINEERING DIRECTORATE
PHYSICAL TEST DIVISION
MATEYIALS BRANCH
REPORT NO. 86-~M-44

STECS-EZN-PM Date of Report 19 Dec 85

Tizle of Report Metallurgical Analysis of Special Study ACE Shafts
TECOM Project Title Special Study of the M9 Armored Coumbat
Excavator (ACE)

TECOM Project No. 8-EG-785-ACE-004 Work Order No., 330-~23602~60

Conducted For Lawrence Weaver, Wheeled Vehicle Branch,
Close Combat Systems Directorate, Bldg 400

References P.T. Division Report No., 86-M-2; ASM Metals
Handbook, Vol, .1l

" TEST OBJECTIVE:

The object of this investigation was to compare the failure mode of
two ACE transmission shafts to previous failed ACE shafts aagd ta
examine an unfailed shaft.

INTRODUCTION:

1. Testing watc conducted from 2! Nov 85 to 13 Dec¢ 85,

2. 1t was requested that Materials Branch conduct an analysis of
three M9 ACE transmission output shafts that were used 4uging testing
at ‘the contractor's (PACCAR) facility during the peric . 16 Qct tn 5 Nov
1985, Two of the shafts failed as expected during the .ast. The third
shaft was 'still intact and was inadvertently introduced during the
contractor's test. Theé two failed shafts were conmpared to previous
£ailures documented in Physical Test Division (PTD) Report No. 86-M-2,
The third shaft was analyzed to determine how it differed from the two
failed shafts., The unfailed shaftc, SN 002, was labeled "A". The
failed shafts, SN 005 -and SN 00!, were labeled "B" and "C"
respectively, ’

PROC

&3]

DUR

(o)

l. Fractured surfaces were examined and photngraphed.
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2. All three shafts were inspect2d using noan-destuctive magnetic

sarticle techniques. The shaits we~ea sectioned in the spline runout
area,
3. The shafts were chemically analyzed using an X-ray fluorescent

spectrometer and a carbon-sulphur IR deteruinator.

4. Rockwell hardness measurements were taken on the shaft surface,
at 1/2 radius, and at the center.

5. Microhardness was measured as a function of distance froam the
root nf the spline surface on the three shafts.

6. The microstructure o the shafts was examined using chemical
"etching techniques and a metallograph.

7. An optical comparator was used to measure the fillet radius at
the base of the splines of each sectioned shaft.

RESULTS:

1. A compariscn of the fracture location of shafts B3 and C and the
nonfractured shaft A is shown in Appendix I, Figure 1. Shaft B and C
fractured initially near the fillet of each spline tooth and the cracks
propagated longitudinally and radially (app I, fig. 1 and 3). The
fracture features were nearly identical to the documented failuras of
PTD Report No. 86~M-2., SEM examination revealed quasi-cleavage
features along the outside splined fracture surface of the shafts (app
I, fig. 4). The core of the shafts consisted of microvoid coalescence
which indicated ductile fracture (app I, fig. 5). Some particles
around which microvoids initiated were found to contain high
concentrations of manganese and some calcium.

2. Magnetic particle inspections of the shafts revealed extensive
crackin; in the splines of the failed shafts (app I, fig. 6). The
cracking was limited to the region of final failure. Shaft g%shoawed Tno
discontinuities indicative of cracks or other defects (app I, fig. 7).

‘ 3. The chemical analysis of the shafts is given in Appendix II,
Table 1. Shafts . B and C corresponded to AISI 8822 alloy steel. The
silicon level of shaft B was slightly higher than the n»minal
concentration specified for 8822. Shaft A met specificitions for AISI
8640 alloy steel. ‘ :

4., The macrohardness of the shafts is listed in Appendix II, Table

The surfaces nardna2ss measursment was the saz2 for the thrze shaf:os.
Tne through hardness of shafz A was 153 to 20 Rockwell hardness points
above the through hardnesses of shafts B and C.

342
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Microhardness profiles of the three shafcs are shown in Appendix
, Figure 1, The hardness =measurexzents were made close in the

l2ts and progressad from the surface to cthe core of the shafts. The
ronardness profiles of shafts B3 and C were similar to previous
iluras. The shafts of this investigation were compared directly to
previous failures for the same region. The microhardness dataare given
in Appendix III, Figure 2 and 3. The hardness profile of shaft A
indizated a significant increase in case depch. Shafts B and C and the
previous shafts possessed a case depth of approximatly 1.0 =m. The
case dapth of shaft A was 1.8 umm.

[N
wn

e -
hrdu—c

13 ¢ IR T AN)
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6. The inclusion content of all three shafts was measured., A
longitudinal cross-section of shaft B and C revealed maganese sulfide
inclusinns with a rating of 2, thin series (app I, fig. 8). Shaft A
was cleaner and revealed no ratable inclusions.

7. The microstructure of shafts B and C was similar to the
previous failures. The carburized case of shaft A consisted of
martensitic lathes in a matrix of retained austenite (app I, fig. 10).
This structure resultzd from the high carbon content induced by the
carburizing atmosphere and the subsequent quench. The core of shafts B
and C consisted of bainite and ferrite (app I, fig. ll). The core of
shafr C was a mixture of tempered martensite and bainice, :

8. The optical comparator revealed a fillet radius of C.010 inch in
the splines of shafts B and C, and a fillet radius of 0.015 inch in
shaft A in the root of the splines. The change in radius appeared to
be a result of cnelzng and not a deliberate change in design of the

fxll#c radius.

DISCUSSION QF RESULTS:

1. All material properties indicated shafts B and C were identical
to the failed shafts of PTD Report No., 86-M-2. The fracture features
indicated shafts 3 and C failed in a similar manner to the previously
failed shafts,

2. The pripary change to shaft A was the introduction of a new
alloy, AISI zZ alloy steel, and a corresponding increase in case
deptn and core hardness, The carburized case was almosz doublad zad

boath the microhardness and macrohardness indicate a consistent increase
in hardness through the cross~section of the shaft.

3. Metallurgically the case of shaft A was altered from the
tempered martensitic structure of shafts B and C to a structure with a
su9szz2nzial azmnunt of retained austanite. This scruczZzura, brougher az
Dy the carburizing prncess, is mechanically weaker and tands to
intrnduce microcracks into the carburized case.
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L. The fillet: radii of all three shaits yere 2ssentially the sane:
Alzanuzh shaft A wis supposed to be shot peened, it was not possidle to

ascertain that this process had been periormed.

3. Shaft A se2med to rapresent a significant improvement in
farigue strength from the design of the old shafts. This.is a limited
saaple and further testiag of more than one shaft is needed to insure
rhe validity of the improvements. ’

CONCLUSIONS:

It is concluded that:

s

1. - The transmission shafts B and C of the ACE failed due to
reverse torsional loading. The failure mode was similar to previous
failuras of the ACE traansmissinn shafrcr.

2. Transmission shaft A revealed no surface cracks or
discontinuities after magnetic particle inspectioan.

3. Shaft A was composed of AISI 8640 alloy steel. There was no
significaat change in the fillet radius of the spline region compared
to shafts 3 and C. The presence of shot peening oan shaft A was not
ascertained.

4. The carburized case depth of shaftr A was significantly increased
compared to shafts B and C.

RECOMMENDATIONS:

It 15 recommended that:

l. The carburizing process of shaft C be altered to prevent
rezained austenite in the case and reduce the chance of mic¢rocracks in
the case. i .

2. Further testing of the improved shaft be institutad to
ascercain

the reliability of the design changes.
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Appendix
Appendix

1 - Photographs
II - Chemistry and Hardness Tables

Appendix I1II - Microhardness Graphs
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Figure 1. Shaft A was undamagad. Fracture pach of shafts
B and C in the splires indicated by arrows.
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Figure 7. Magnetic particle testing revealed no
iscontinuities indicative of cracks or other
defects.
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TABLE 1. CHEMICAL ANALYSIS OF ACE TRANSMISSION SHAFTS

% Elemental Composition bv Weizght

c Ma P S s1 cz NL ¥ __Fe
0.42 0.9 .07 .017 0.32 0.59 0.45 0.20 Remainderé
0.24 0.84 .013 .018 0.37 0.57 0.42  0.32  Remainder
0.22 0.82 .010 .0L6 0.29 0.56 0.43  0.32  Remainder
22 max  0.25 1.00 2035 040 . 0.30  0.60 0.70  0.40 ——
min  0.20 0.75 - 7 - 0uas 0.40 0.40  0.30 R
40 max  0.43  1.00 035 040 0.30  0.60 0.70  0.25 = ==

=1in 0.38 0.75 - - 0.15 .0.40 0.40 0.15 ——

TABLE 2. ROCKWELL "C'" HARDNESS OF ACE SHAFTS

Center 1/2 Radius 3/4 Radius Surface
37 , 42 45 61
23 23 27 6l
22 ' 25 - 26 61
APPENDIX II 82
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DISPOSITION FORIA

For uass of this form, ses AR 240-15; the proponent agancy is TAGO.

REFERENCE OR OFFICE SYMBOL SUBJECT
STECS-EN-PM Revision of Physical Test Division Report No. 86-M-44,
Metallurgical Analvysis of Special Studv ACS Shafrg
TOChief, Close Combat Systems ~"OMChief, Materials Br CAT® 21 Jan 86 CMT
Directorate Mr. Simmons/jab/34461

ATTN: L. Weaver

1. In light of further information supplied to this office concerning the Special Study
‘of the M9 Armored Combat Excavator (ACE), the final recommendations of Physical Test Division
Report No. 86-M-44 should be revised. Two improved output transmission shafts from the ACE

were tested. The improvements included shot peening of the surface of the shafts and incre
ing the fillet radius of the spline region of the shafts. The iomproved shafts had a signi
cant improvement in fatigue life. It is therefore appropriate to eliminace egcond
reccamendation of Physical Test Division Report No. 386-M-44 which reads: "'it 1s reconmended
that further testing of the improved shaft be instituted to ascertain the reliability of the-

design changes."”
2. Two additional corrections should be made as follows:

"(a) page 2, RESULTS, para 2, line 3 change: Shaft C
to: Shaft A

(b) page 3, DISCUSSICN OF RESULTS, para 2, lime 2 change: AISI 8822
T o: AISI 8640

3. TFor clarification, Appendix I, Figure 7, should be labeled "Shaft A."

e L e CaLpzE

CHARLES R. KLARICH

86
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M. WEAVEI/OW/&|CTDALD

7 APR 1336
STLCS-CC-SW

SUDLJECT: Speciel Study of the M9 Armored Combet Ferthmover (ACR), TZCOM
Project Lo. 8-G~TE5-ACE-004

Cormander .
U.8. Arry Test and Evalua ion. Command

ATTH: AMSTE-TE-T ’

1. Refarence letter, USACSTA, STECS-CC-SW, 8 Jaa 86, SAB.
2. In light of further infcrmation furnished this office, the final recammenda~
tiors of the Physical Test Divisios Laboratory Report Fo. 86-#-4L should be

revised. It was learned through AMSAA that three of the izproved transmizsion shafts

(Type A) vere tested to five times the fallgue l¢fe of the origirnal type shafts.
Yecanse of thia significant impruvement '4n fatigue life it is taerefore appropriate
to elimipate the second recammendation of Physical Test Divislion Report Fo. B6~M=lbk
vbich reads: "It {s recommended that further testing of :be_improved shaft be in-

stituted to ascertain the reliablility of the design changes.

3 USACSTA - Providing Leaders the Decisive Edge.

-

FOR TER COMHABDER: .
Urigmar Signed
JEROLD L. HOOK

Director, Close Coucbat Systenms .
Directorate

CF:
Cér, USAZACCH
ATTR: AkCPM-ICV-QT
LTI
Cdr, USAMSAA

ATIR: AMXSY-CY —

87 The next page is blank.




No. of

Copies

DISTRIBUTION

ORGANIZATION

Commander
Defense Technical Information
Center

ATTM: DTIC-DDAC
Cameron Station, Bldg 5
Alexandria, VA 22304-6145
Commander
US Army Materiel Command
ATTN: AMCRM

AMCDMA-M

AMCMI

AMCDE

AMCDE-SS-V

AMCDE-Q «

AMCDMA-MS (2 ¢ys)
5001 Eisennhower Avenue
Alexandria, VA 22333-0001

Commander

Armament Research &
Development Center

ATTN: SMCAR-ESP-L

Dover, NJ 07801-5001

Ccmmander

HQ AMCCPM

ATTN: SMCAR-ESP-L

Rock Island, L 61299-7300

Director

USA CM/CCM Center

ATTN: AMXCM-EO (S. Kovel)
2800 Powder Mil] Road
Adelphi, MD 20783-1145

Jirector

Combat Data Information Center

AFWAL/FIES/CDIC
Wright-Patterson AFB.
OH ' 45433-5000

Pentagon

ATTN: AN<AL-RS [Army Studies)

Pentagon, Room 1A518
Wash, DC 20310

89

No. of
Copies ORGANIZATION
2 Commander

US Army Development and
Employment Agency

ATTN: MODE-TED-SAB (2 cys)

Ft. Lewis, WA 98433-5000

Director
US Army TRADOC Systems
Analysis Activity
ATTN: ATOR-TSL/ATOR-T
White Sands Missile Range,
NM  88002-5502
Commander
US Army Missile Command
ATTN: AMSMI-0R-SA
Redstone Arsenal, AL 35898-5060

Commander

US Army Troop Support Command

ATTN: AMSTR-CC
4300 CGoodfelliow 8lvd.
St. Louis, MO 63120-1798

Commander
US Army Tank-Automotive
Command
ATTN:  AMCPM-M9 .
AMCPM-MG.T™
AMCPM-LCY-QT
Warren, Ml 48090

Commander

US Army Aviation Systems Command
Directorate for Plans and Analysis
ATTN: AMSAV.8C

4300 Goodfeilow Blvd

St. Louis, MG 463120-1702

Commandant

US Army Infantry School
ATTN: ATSH-CD-CS-0R :
“ort Benning, GA 31905-5400

Commander

US Army Natick R&D Command
ATTN: - DRDNA-O -

Natick, MA 01760




..........................................

DISTRIBUTION LIST (continued)

No. of No. of
Copies ORGANIZATION Copius ORGANIZATION
1 Commander 2 Chief
USAQT&EA Dafense Logistics Studies
ATTN: CSTE-FSS-A Information Exchange
5600 Coiumbia Pike US Army Logistics Management
Falls Church, VA 2240! Center
ATTN: DRXMC-D
1 Commander Fort Lee, VA 23801
US Army Concepts Analysis
Agency | Reliability Analysis Center
8120 Woodmont Avenue ‘ ATTN:  Mr. I. L. Krulac
Bethesda, MD 20014 Griffis AFB, NY 1344)

«n

Pentagon Library

ATTN: ANR-AL-RS (Army Studies)
Pentagon, RM 1AS513

washington, DC 20310

ABERDEEN PROVING GROUND

Cdr, USATECOM

ATTN: AMSTE
AMSTE-CS-A
AMSTE-TE-T
AMSTE-EV-S

31dg 314

Dr, BRL, Bldg 323

Oir, 8RL
ATTN: DRDAR-TSB-S (STINFO Branch)
8tdg 205

Dir, HEL, Bidg 520
ATTN:  AMXHE-FSD

Dir, AMSAA

ATTN: AMXSY-CM/
Davis Mentzer

S0




