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IMPACT FATIGUE BEHAVIOUR OF FLAPPER VALVE STEEL

Akemi Futakawa, Dr. Eng., Manager and Koji Namura, Engineer
Central Research Laboratory, Mitsubishi Electric Corporation,
Amagasaki, Hyogo, Japan

ABSTRACT

The purpose of this study is to discuss
the impact fatigue failure mechanism of a
suction valve that involves the fracture
with fragments torn off from the edge or
surface. The shape and dimensions of the
test specimen and stopper were made the
same as those of the suction valve and
stopper in an actual compressor. The
specimen was operated by short-duration
compressed air pulses, and struck against
the stopper and seat alternately. The im-
pact velocities of the specimen against
the stopper and seat were controlled by
the pressure of the compressed air.

The short-duration compressed air pulses
were generated by air shutters. Impact
fatigue tests were performed under several
impact velocities of the specimen against
the stopper. The cracked surface and
fatigue failure surface were observed at
each certain number of impact cycles with
an optical microscope and a scanning
electron microscope. The crack feature,
crack propagation, and crack origin were
examined. From those results, impact
fatigue failure mechanism of the suction
valve is clarified.

INTRODUCTION

The problem of the compressor valve is
most considerable importance for with-
standing high impact shock. Impact fa-
tigue strength of valve materials in
alternating impact has been experimentally
by Svenzon (1) (2), Dusil (3)(4), and
others (5). The effect of oblique impact
and seat positioning on impact fatigue
strength have been discussed by Svenzon
(1} and Dusil (3). However, most of them
have been carried out on the impact
strength of valve materials with respect
to collisgion of a valve to a valve seat.
Impact fatigue failure with respect to
colligion of a suction valve to a valve
stopper is another important problem in
actual compressor design. The study in
this area is not sufficiently at this
moment .

A lot of researchers have reported that
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information about the failure mode, stress
state, local stress concentration, fabri-
cation problems and service environment
can be obtained from a fractographic
analysis of these fracture surface fea-
tures (6) v (8). 1In order to clarify the
impact fatigue failure mechanism of a
suction valves, these informations seem to
be inevitably valuable because of complex
nature of impact fatigue failure.

From this point of view, detail observa—
tions of fracture process were carried out
to clarify the impact fatigue failure
mechanism caused by collision between the
tip of a suction valve and a valve stopper
during suction stroke. An impact fatigue
testing machine was developed for this
study, in which the test specimen could be
operated by short-duration compressed air
pulses. Repeated impact loadings were
applied to the test specimen and then im—
pact fatigue cracks were inhduced. The
cracked surface and fracture surface of
the test specimen were examined and photo-
graphed at various magnifications, using
optical and scanning electron microscopes.
Area of crack region, rapid fracture,
final break off, and abrasion from rebound
were identified. On the bases of those
results, impact fatigue failure mechanism
of the suction valve is clarified.

TEST SPECIMEN AND PROCEDURE

Test Specimen

The shape and dimensions of the test
specimens are shown in Fig. 1. The speci-
men has the same shape and dimensions as a
suction valve of an actual refrigerating
compressor. The chemical composition of
the test specimen is given in Table 1.

The tensile properties and hardness isg
given in Table 2, The test specimens were
blanked from the strip parallel with the
rolling direction as shown in Fig. 1. The
edges were not ground and polished to in—
duce the impact fatigue failure easily.

Test Procedure

Test Apparatus: Fig. 2 shows the schemat-
ic of an impact fatigue testing machine.
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Fig. 1 Shape and dimensions of test
specimen
Table 1. Chemical composition of test
specimen (wt %)
cC 81 Mn Cr
1.00 0.20 0.40 0.15
Table 2. Tensile properties and hardness

of test specimen

Tensile strength Yield strength Hardness

kg /mm? kg /mm? Hv
197 179 560
Specimen
Specimen
Holder
Air Shuttur

e

Fig. 2 Schematic of impact fatigue test-
ing machine
Fig. 3 is the schematic diagram illustrat-

ing the relationship between the specimen
and its related parts. The test specimen
was operated by short-duration compressed
air pulses. These pulses were generated
by air shutters which were consisted of
two rotating disks, containing a lot of
circular transverse perforations in the
vicinity of the circumference of the disks.
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Specimen
Holder

Support

Fig. 3 Schematic diagram illustrating re-
lationship between specimen and

its relatep parts

The disks were driven by a D.C. motor to
vary the duration of the compressed air
supply. Two nozzles were installed facing
to the digks as shown in Fig. 3. The com-
pressed air of which the pressure was con-
trolled with a gate valve was led to an
air tank through an air filter and
supplied to nozzles. Thus, short-duration
ailr pulses were generated.

Test Procedure: The studies on the crack-
ed surfaces and impact fatigue surfaces
have frequently been shown to be of great
value in understanding the basic mechanism
of impact fatigue. The topographic
analysis of post-failure fracture surfaces
has also been used to advantage in deter=
minations of failure patterns. According-
ly, this study forcuses on the appearance
of the cracked surface and impact fatigue
surface features and on examination the
correlation of this structure with the
crack growth pattern.

The impact fatigue tests were carried out
under nine impact velocities against the
stopper. The operating fregquency was 135
Hz. The motions in the tip of the test
specimen were recorded by a high speed
camera under a wide range of supplied air
pressures at the preliminary stage of the
impact fatigue test. The relationships
between the impact velog¢ity of the test
specimen and the supplied air pressure
were obtained. In this study, the impact
velocity was defined as approach velocity
in the tip of the test specimen obtained
from these relations. Number of cycles
was counted with an electric counter.

The fatigue surfaces were examined with
both optical microscopy and scanning
electron microscopy. The optical micro-



scopy was used for recognizing the micro-
scopic features of impact fatigue cracks.
The test specimen was removed from the
impact fatigue testing machine everytime a
certain number of cycles was applied the
test specimen. Then occurrence and pro-
pagation of impact fatigue cracks were
identified. This procedure was repeated
up to failure. The scanning electron
microscopes was used for clarifing the
impact fatigue fajilure surface features.
The partially cracked specimens were pull-
ed in a tensile testing machine to expose
the crack shape. The failure surface
appearance in the impact fatigue and
static tensile regions were sufficiently
different that there was no difficulty in
distinguishing the crack front. Sections
which included the impact fatigue failure
were cut from the test specimen and mount-
ed for scanning electron microscopy exami-
nation. This procedure was also carried
out for the test specimens which were
broken off.

RESULTS AND DISCUSSION

Macroscopic Observations

Impact Fatigue Damages: Figs. 4(a) and
(b) show typical examples of impact fa-
tigue damages produced in this test.

Fig. 4(a) was obtained at 1.4 x10° cycles
under an impact velocity of 5.5 m/s.

Fig. 4(b) was obtained at 8.7 x10* cycles
under an impact velocity of 7.5 m/s.

As can be seen in Figs. 4(a) and (b), im-
pact fatique damages are divided into two
types of features in accordance with the
impact velocity. The first one is the
impact damage caused under the impact
velocity below 6.0 to 7.0 m/s. Within
this region of impact velocity, the
failure origin and chipping~off failure
seem to concentrate around the center
portion of the semicircular edge of the
test specimen. The initial propagation of
the main crack seems to be always in the
radial direction of the semicircular. The

second one is that caused under the impact

5.5 m/s
1.4 x 10°

g
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f
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N = 8.7
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X
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Fig. 4 Typical example of
damages on stopper

impact fatigue
side surface
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velocity beyond 7.0 m/s. In this region,
the failure origin and chipping-off frac-
tures are scattered along the circumfer-
ence of the semicircular edge of the test
specimen and the propagation of the main
crack orients to the longitudinal direc-
tion of the test specimen, coineiding with
the rolling direction.

To clarify the nature of impact fatigue
cracks in more detail, sequences of macro-
graphs were taken along the length of the
crack to compare the differences in crack
features and crack propagations at differ-
ent impact velocities. Figs. 5(a) and (b)
show typical examples of the macroscopic
shapes of the impact fatigue cracks on the
seat side and on the stopper side, respec-
tively, which were caused under an impact
velocity of 4.8 m/s. Figs. 6(a) and (b)
shows that for an impact velocity of 7.5
m/s, which are correspond to the impact
fatigue damage shown in Fig. 4(b).

!

0.5 s
| Ev—

. 1o
(2) Seat side

R T
topper side

(b) 8
Fig. 5 Typical example of macroscopic
shapes of impact fatigue crack
(V=4.8m/s, N=5.2 x 10%)

Comparing Fig. 5 with Fig. 6, appreciable
difference is found in the nature of frac—
ture initiation. When the test specimen
is operated at an impact velocity of 4.8
m/s, the origin of failure is at the
center of semicircular edge and then the
crack propagates to the radial direction
of the semicurcular, followed by chipping-
off failures. On the contrary, when the
test specimen is operated at an impact
velocity of 7.5 m/s, a lot of origins of
impact failure are found along the circum-
ference of the semicircular edge. Some of



(a) Seat side

(b) Stopper side

Typical example of macroscopic
shape of impact fatigue crack
(V=17.5m/s, N=5.1x 10°%)

these cracks propagate to the longitudinal
direction of the test specimen, coinciding
with the rolling direction, and some of
them orient to the radial direction of the
gemicircular.

It is noticed from those results that once
impact fatigue has been identified as the
mode of failure, the point of origin, or
fracture initiation side, and the impact
velocity level would be established. This
is often the single most important item in
the failure analysis in service or in
testing, since whatever corrective action
is applied must be applied at the failure
initiation site to be effective. Although
macroscopic examination remains the pri-
mary and, in many cases, the only fracture
surface analysis tool for most field engi-
neers, this technique is comparatively
useful to examine the failure process of
the compressor valve because of the
simplicity and economy of the necessary
equipment.
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Impact Fatigue Crack Origin: In order to
clarifing the nature of fracture initia-
tion and to get the hypothesis of impact
fatigue crac¢k initiation prior to failure,
the origin of failure was examined by
comparing Fig. 5(a) with Fig. 5(b) and
Fig. 6(a) with Fig. 6(b). Particularly
noticeable in Figs. 5(a) and (b) is com-
paratively long crack expanding to the
longitudinal direction, accompanying with
large chipping-off failures on the surface
of the stopper side. From this result,
the origin of the primary crack is at the
center of the circumferential edge and
directional characteristics in the crack
growth is attributed to the strip rolling
processing, when the test specimen is
operated at low impact velocity. On the
contrary, when the test specimen is oper-
ated at higher impact velocity, a large
nunber of cracks are found around the
circumferential edge on the seat and
stopper sides as shown in Figs. 6(a) and
(b). This observation leads to the
hypothesis of impact fatigue crack initia-
tion that the failure origin is at the
multi-points of the circumferential edge,
when the test specimen is operated at
higher impact velocity.

Crack Growth History: A system was deve-
loped for classifying surface feature
types so that any systematic developments
in crack formation could be detected. A
serieg of impact fatigue tests were
carried out at nine impact velocities and
then the macroscopic features on either
side of the surface with cracks were exa-
mined in detail with an optical micro-
scopy. Photographs of the crack feature
were taken at each stage after a certain
number of cycles was applied to the test
specimen. The growth history of the im-
pact fatigue crack was determined from the
composite pictures of the crack reglon
formed by overlapping identical area in
adjacent photographs.

Let's attack the crack growth history of
the test specimen at an impact velocity
below 6.0 to 7.0 m/s. Figs, 7(a) to (c)
show the crack features at 2.9 x10°
4.5x10°%, and 5.8 x10° cycles, respective-
ly. On the fatigue sidé¢ of the crack
fronts, several distinct types of crack
features are found. As described above, .
the origin of impact fatigue failure is at
the center of the semicircular edge. The
influence of the rolling defect is evident
on the direction of the crack propagation.
The fatigue process forms long straight
line with a length of about 1.5 mm on the
surface approximately parallel with the
rolling defect. At 4.5x10° cycles in
Fig. 7(b), comparatively large chipping-
off failure appears at the crack front
site on the surface. This photograph
gives the impression of spreading into two



fots

o

} I
1l
i i

wnih )
‘Q'x}’“' ] Vi,

g L’&i 0.5 m
¥

(a) (b)
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Crack features
on stopper

side at low
impact velocity
(V = 4.8 m/s)

Fig. 7

(¢) N =5.8x10°%

branches toward the crack front from a
distance of about 1.0 mm appart the
circumferential edge, leading to the
linkage of two branched cracks. Fig. 8
shows the cross sectional view of the
chipping-off failure zone. The cross
section with vee shape means that a small
fragment has torn off from the surface on
the stopper side. The almost same crack
growth hystory is observed at 5.8 x 10°
cycles in Fig. 7(¢). These observations
lead to the conclusion that within an im-
pact velocity of 6.0 to 7.0 m/s, a single
crack iz generated at the center of the
circumferential edge and then the main
crack which propagates to the radial
direction spreads into branches, followed
by chipping-off failures due to the link-
age of these branched cracks.

On the crack growth history at an impact
velocity beyond 7.0 m/s, the multi-crack
origing along the circumferential edge are
found as distinct type of the impact
fatigue failure as shown in Fig. 6. De-
termining minutely the shape of the frac—
ture crack leading edge from Fig. 6, the
front shape of a few cracks is slightly
curving to the tangential direction.
These observations lead to the hypothesis
that the lost of comparatively large

fragments from the circumferential edge as
can be seen in Fig. 6 is caused by the
linkage of individual cracks in the radial,
or longitudinal direction, with the
cracks in the trangential direction.

Microscopic Observations

In order to establish the identification
and analysis of impact fatigue failures
whose macroscopic failures are ambiguous,
the failure origin was more precisely
examined on the failure surface at higher
magnification. This was done for the
partially cracked specimens obtained from
the tests at an impact velocity of 5.5
m/s. Fig. 9 shows an allover view of the
impact fatigue failure surface. A half-
moon-shaped line is c¢learly observed on
the fracture surface at the crack front on
the seat side. This gives substance to
evidence that the crack origin is at the
corner of the circumferential edge on the
seat side and propagates to the stopper
side direction in addition to the radial
direction.

Fig. 10 shows the magnified fracture sur-
face at the circumferential edge.
Although very severe rub marks are found
on the fracture surface, the ridge pattern
Seems to spread from the corner on the
seat side to the stopper side. This re-
sult suggests that the crack origin is at
the corner of the circumferential edge on
the seat side and that the crack pPropa-
gates to both radial and stopper side
directions.

stépper side

Fig. 8 Cross sectional view of chipping-
off failure zone
0.2 mm
— seat side

stopper side

Fig. 9 Allover view of impact fatigue

failure surface



gradually expanded by applying to cyclic
stresses,

Impact Fatigue Failure Mechanism

On the bases of the evidence obtained
through the various analysis procedures
described above, some considerations are
taken on the impact fatigue failure mecha-
nism of a suction valve when it hits re-
peatedly a valve stopper during suctions

ity
—_ stroke., Figs. 13 (a) to (c) show illu-
stration of the dynamic deformation when
the suction valve hits a valve stopper.
Fig. 13 (a) shows the valve deformation
just before striking. Fig. 13 (b) and (c)
Fig. 10 Magnified Fig. 11 Magnified show the valve deformation after striking
fracture photograph at low impact velocity and higher impact
surface at of region A velocity, respectively.
circumferen- in Fig. 9 .
tial edge At the early stage during suction stroke,
the tip of the suction valve moves to a
Fig. 11 shows a magnified photograph of valve stopper deforming as shown in Fig.
region A shown in Fig. 9. Three different 13 (a). In the case where the impact

features are observed in this area; left
upper side, bottom side, and right side.
The fracture surface feature in the left
upper side is a typical impact fatigue

surface which is similar to that reported (a)
by Dusil (3). In the fracture surface Just
feature in the bottom side, there are before
chevron marks as rapid fracture features. striking
This may be caused by rapid fracture at
the final stage induced after the crack
propagates as far as a certain distance
from the surface on the seat side. The
fracture surface in the right side is a Stopper
typical brittle fracture surface which is PP
caused by pulling in a tensile testing
machine to expose the crack shape.
(b)
Fig. 12(a) shows a crack in the circum- After
ferential direction stretching from the striking
radial crack and Fig. 12(b) shows the at low
magnified aspect at the chipping-off impact
failure portion. This fracture surface is velocity
a typical fatigue surface containing a lot
of rub marks. From this result, it is
clear that the crack in this area is also
(o)
After
striking
of higheyr
impact

Contacting velocity
Area

(a) Allover view (b) Magnified'aspect
Fig. 12 Crack in circumferential direc- Fig. 13 Illustration of dynamic defor-
tion stretching from radial crack mation
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velocity is low, fluctuated vibration mode
with very high frequency will be produced
at the tip portion of the suction valve as
shown with arrows in Fig. 13 (b) immedi-
ately after striking. As a result, large
repeated bending stress might be applied
to the suction valve, followed by impact
fatigue failure initiated from the corner
of the center edge on the seat side. When
the impact velocity is much higher, the
tip portion of the suction valve might
contact to the valve stopper with com-
paratively large area as shown in Fig., 13
(), accompanying with high frequency
vibration in the circumferential and
radial directions. Accordingly, large im-
pact stresses, which are caused by not
only bending deformation in the circum-
ferential direction but also that in the
longitudinal direction, are produced along
the circumferential edge of the suction
valve. These stresses might rule the im-
pact fatigue failure with a lot of cracks
along the circumferential edge.

Relationship between Impact Velocity and
Number of Cycles to Failure

Fig. 14 shows the relationship between the
impact velocity and number of cycles to
failure. The black marks shown in Fig. 14
denote the moment where a small crack was
initiated and the arrows denote the dura-
tion from the crack initiation to the lost
of fragments from the edge or surface.

-~ 10
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g -— ¥
A
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o
E
0
404 10 108 107
Number of cycles 1o failure
Fig. 14 Relationship between impact

velocity and number of cycles
to failure

As can be seen in Fig. 14, the impact
fatigue mode is divided into three regions
with respect to the impact velocity. 1In
the first region above 6.0 to 7.0 m/s, the
chipping-off failure, or the lost of frag-
ments from the edge or surface, is pro-
duced at a short period after cracks are
initiated. This phenomenon is caused by
the linkage of the multi-cracks induced
along the circumferential edge. In the
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secondary region between 6.0 to 7.0 m/s
and 4.0 to 4.5 m/s, crack propagates to
the radial direction for a little while
after the crack is initiated and then the
chipping-off failure is induced. This
phenomenon is caused by the linkage of
cracks spreading into branches from the
main cracks on the way to propagation in
the radial direction. 1In the tertiary
region below 4.0 m/s, no impact fatigue
failure is induced into the test specimen.

From those results, an allowable impact
velocity of about 4.0 m/s is recommended
in the design of the tested suction valve.
In this study, the test specimens of which
edges were not ground and polished were
used to induce the impact fatigue easily.
Higher allowable impact velocity, there-
fore, seems to be acceptable. However,
the value obtained from this study is con-
sidered to be an allowable impact velocity
in safety design. 1In order to establish
the general concept on the allowable im-
pact velocity, further investigations are
needed to conduct with respect to the
various surface and edge finishment and
the dimensions and shape of the suction
valve.

CONCLUSIONS

An impact fatigue testing machine was de-
veloped and a series of impact fatigue
tests were carried out on suction valves
as test specimens. The cracked surface
and fractured surface of the test Specimen
were examined and photographed at various
magnifications, using optical and scanning
electron microscopes. On the bases of
those results, impact fatigue failure
mechanism of the suction valve is clari-
fied.

The results obtained are as follows:
(1) The developed impact fatigue testing
machine, which is consisted of two
rotating disks with a lot of perfora-
tions in the vicinity of the circum-
ferential edge and two nozzles facing
to the disks, is successful to con-
duct impact fatigue tests on suction
valves by means of short-duration air
pulses.

(2) When the suction valve is operated at
an impact velocity of beyond 6.0 to
7.0 m/s, a lot of cracks are initiat—
ed along the circumferential edge of
the test specimen. Some of them pro-
pagate to the longitudinal direction
of the test specimen and some of them
to the radial direction of the semi-
circular. The chipping-off failure
is induced by the linkage of these
cracks due to cracks spreading in the
circumferential direction.



(3)

(4)

(5)

When the suction valve is operated at {(8)
an impact velocity between 4.0 to 4.5

m/s and 6.0 to 7.0 m/=s, a crack is

initiated at the center of the cix-
cumferential edge and then propagates

to the radial direction. The chip-

ping-off failure is induced by the

linkage of cracks initiated due to

spreading into branches from the main

crack.

The origin of the impact fatigue
crack is at the corner of the circum-
ferential edge on the seat side.

This is produced by fluctuated vibra-
tion with high frequency induced
immediately after striking.

The allowable impact velocity of the
tested valve is about 4.0 m/s. This
value give the allowable impact velo-
city in safety design. In order to
establish the valve design concept on
the allowable impact velocity,
further investigations are needed to
conduct with respect to the edge and
surface finishment and the dimensions
and shape of the suction valve.
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