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The design features of diaphragm compressors are discussed in this article. For preventing the for-
mation of local stresses in certain areas of the diaphragm, it is recommended to use thin sheet stainless
steel of the transition class. A comparative analysis is made of two batches of steel tape, differing in the
value of the saturation magnetic induction, which is identical to the content of the martensite phase in
the structure of the material before the final cycle of cold plastic deformation. The results of the study of
the influence of the deformation temperature (20 — 300 °C) on the change in mechanical properties (o,
602, 0) revealed a different tendency to embrittlement of the material of the tapes for these batches. For
increasing the operational reliability of the compressot's diaphragm elements, it is recommended to use
a material, the structure of which contains a certain amount of work-hardened retained austenite. This
makes it possible to undergo additional martensitic transformation under the action of peak loads in local
areas and increases the structural strength of corrosion-resistant steel for the manufacture of a compres-
sor diaphragm.
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A compressor is an energy machine or device for
increasing pressure (compression) and moving gase-
ous substances. An air compressor is a unit whose op-
eration principle is based on air compression with its
subsequent transmission under pressure [1]. Compres-
sor machines' application is vast: gas and oil, transport,
energy, food processing, construction, automotive,
medicine, and pharmaceuticals |2, 3].

The use of compressor equipment (as an additional
one from the point of view of the technological pro-
cess, but the main one from the point of view of the
movement of gas streams) in devices for obtaining
granular products and drying complexes is a prerequi-
site for their successful functioning. Providing various
degrees of compression of the gas flow in the com-
pressor equipment allows, for example, the dispersion
of liquids (granulation equipment) [4, 5], the supply of
a drying agent to the working space of the apparatus
(drying and granulation devices [6]), the supply of a
cooling agent to ensure the required temperature chat-
acteristics of the finished product before transporta-

ammonium nitrate), it is important to use pneumatic
spraying at the humidification stage [7, 8], as well as in
dust collection technology [9].

The choice of the type of compressor and the main
structural materials are made based on the analysis of
the technological process of chemical production (the
required degree of compression of the medium, the
temperature regime of the installation, the aggressive-
ness of the medium, the physicochemical properties
of the medium, in particular, the presence of mechan-
ical inclusions and/or liquid phase, etc.).

The diaphragm type air compressor has the follow-
ing parameters:

e tightness;

e resistance to cotrrosion;
e  high compression level;
e reliable design;

e safety in operation and ease of maintenance.

A diaphragm compressor is a positive displace-
ment machine (Fig. 1) and, in terms of characteristics
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and principle of operation, is in many ways like a pis-
ton compressor [10]. Compression of gas in such a
compressor occurs using a flexible diaphragm that re-
ciprocates [11].

GAS GAS
INTAKE ., s DISCHARGE
R ) :J"‘ CAVITY SPACE
DIAPHRAGM B
2 559 8% %, PERFORATED PLATE
__ HYDRAULIC FLUID
HYDRAULIC Tl HYDRAULIC
FLUID — — FLUID
INTAKE DISCHARGE
PISTON [
1 |
CRANK
SYSTEM ' 4 \

W)
Fig. 1Scheme of a metal diaphragm compressor [12]

One of the main structural elements of machines,
ensuring their reliability, are elastic elements, which
are made from various spring alloys. The role of elastic
elements in compressor machines is performed by di-
rect-flow valves and diaphragms, for the manufacture
of which thin-sheet metal is used.

The diaphragm of a diaphragm compressor is an
clastic element clamped around the periphery between
the diaphragm block's distribution and restricting
discs. A diaphragm divides the block cavity into two,
communicating through self-acting valves with gas
communications and the other with a hydraulic cylin-
der [12].

During the hydraulic drive operation, the dia-
phragm is imparted with an oscillatory movement,
during which it must be tightly pressed against the
profiled surface of the limiting disc. Depending on the
design, the ratio of the diaphragm's deflection towards
the distribution and limiting discs can be different,
which characterizes the stress cycle. In general, this cy-
cle is asymmetric. Thus, during operation, the dia-
phragm is subjected to cyclic alternating loads [11].

Simultaneously, from the point of view of the cycle
of voltage change and the type of stress state, the most

Tab. 1The chemical composition of corrosion-resistant steel of austenitic-martensitic class, %o by weight

dangerous are the central and pinched diaphragm.
Also, when the diaphragm moves along the profiled
surface, the material undergoes contact corrosion and
erosion due to the high velocity of the compressed gas
in the area of the self-acting valve holes [13]. The ef-
fect of stress is aggravated by the fact that the com-
pressed gas's temperature acts on the diaphragm ma-
terial, which is 100 — 150 °C.

One of the features of the diaphragm operation is
the formation of local stresses and their concentration
in individual zones, which requires high resistance to
the occurrence and development of cracks from the
used thin-sheet materials [14].

Considering the above, the requirements for the
material of the compressor diaphragm should include
reliability, strength, resistance to multiple cycles,
chemical resistance to the pumped medium.

Both carbon and stainless steel are used as thin
sheet material [15]. High-strength stainless steels with
the necessary set of properties have found the widest
application [10]. These are transitional stainless steels,
in the structure of which, after a cycle of deformation-
thermal action (rolling + aging), there is a certain
amount of retained austenite [17], which can undergo
ay — a transformation during operation [18]. The sta-
bility of retained austenite to martensitic transfor-
mation will determine the resistance of martensite to
the centers of initiation and propagation of cracks
[19], that is, to the intensity of destruction of the ma-
terial under the action of operating factors [20, 21].

Thus, for the effective use of high-strength stain-
less steels under the operating conditions of the elastic
elements of diaphragm compressors, the scientific in-
terest is studying the influence of the technology of
manufacturing a steel tape on the change in the phys-
ical and mechanical properties of the material used.

2 Methodology for obtaining samples and
equipment for research

According to the goal of this paper, two experi-
mental batches of stainless maraging steel tape were
made. The chemical composition of this steel is pre-
sented in Table 1.

C Si Mn Cr

Ni

Al S P Fe

14.0-16.0

up to 0.09 | upto 0.8 | up to 0.8

7.0-94

~74.0

0.7—-13 | up 0 0.025 | up to 0.035

The analysis of changes in the structure and prop-
erties of an investigated material with different modes
of continuous rolling to obtain rolled stock and sub-
sequent deformation at elevated temperatures was car-
ried out by thermal microscopy using an IMASH-20-
75 high-temperature test setup. The samples were
heated by the convective method with temperature re-
cording by a contact thermocouple in the range of 20

— 300 °C. Cyclic strength tests were carried out with a
base IN = 5-106 cycles. The study of changes in the fine
crystal structure of austenite was carried out in chro-
mium radiation. The results of changes in the depend-
ence of physical and mechanical properties under con-
tinuous cold plastic deformation (CPD) are shown in
Table 2.
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Tab. 2 Change in the physical and mechanical properties of steel during continnons CPD

Designa- I Thic- Num- Totali e Physical and mechanical properties
. ness af- duction
tion of the ter ber of ) Emm H, oo, on, ) o,
batches rolling passes | mm /o G MPa MPa MPa 3, % MPa
SM 0.65 - - 0 554 1490 220 920 14.0 305
SM-1 0.50 1 0.15 23 1892 3060 560 950 8.5 500
SM-2 0.45 2 0.20 31 4804 3830 770 1180 8.5 650
SM-3 0.39 3 0.26 40 | 6745 4090 950 1150 7.0 720
S 0.76 - - 0 1245 1710 340 1000 11.0 315
S-1 0.63 1 0.13 17 | 2937 3170 450 1150 9.0 370
S-2 0.50 2 0.26 34 | 5725 3760 940 1420 9.0 510
S-3 0.42 3 0.34 44 | 7549 4120 1210 1440 7.5 550
S-4 0.38 4 0.38 50 | 8969 4350 1270 1400 5.8 650

The studies were carried out for two batches of
tape («S» and «SMy), differing in the value of the satu-
ration magnetic induction, which is identical to the
content of the martensite phase in the structure of the
material before the final CPD cycle. One of the
batches («S») was rolled with a total reduction rate of
50 % in four passes, and the second («SM») — with a
total reduction rate of 40 % in three passes.

3 Experimental results and their discussion

The change in the characteristics of the fine struc-
ture of retained austenite is shown in Fig. 2.
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Fig. 2 Dependence of the magnitude of microstresses Aa/ a (a)
and the size of blocks Dy of the y-phase (b) for batches «5»
(0) and «SM» (®)

An analysis of the graphical dependence of the
magnitude of microstresses (Aa/a), size of blocks (D),
microhardness (H,) and saturation magnetic induction
(b) shows that with an increase in the degree of plastic
deformation (¢), the hardness, the magnitude of mi-
crostresses and hardness with different intensity for
batches with saturation magnetic induction of 554 G
(«SM») and 1245 G («S»). The size of the coherent
scattering regions is reduced by three times.

An analysis of the change in properties (Table 2)
shows that for a batch with a saturation magnetic in-
duction of 1245 G before the CPD process during
rolling, a more significant increase in the yield stress
and hardness values is observed.

At the same time, the fatigue limit of samples from
a finished tape of a given batch is lower than for a
batch with a lower value of the saturation magnetic

induction before CPD (Buas = 554 G). This phenom-
enon may be because for transitional steels during fa-
tigue tests, the process of additional transformation of
retained austenite is possible.

Figures 3 and 4 show the graphs of changes in me-
chanical properties (g, 0v.2, 6) depending on the defor-
mation temperature in the temperature range of 20 —

300 °C.
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Fig. 3 Change in the temperature dependence of the properties
of the batch «S»: a — oy b— 0927 c— 6; @ — 5,0 — 5-7, W —
S2,0-5-3, 6 -S54

Depending on the percentage and fine structure of
retained austenite (microstresses, dislocation density,
and sizes of coherent scattering regions), the transfor-
mation will occur with different intensities at equal
maximum cycle stresses.

With an increase in the degree of deformation, the
character of hardening for an investigated batches
changes in the same way. At the same time, the change
in the size of blocks and microstresses, determined by
the X-ray method from the width of the lines, allows
us to conclude that a larger amount of the martensite
phase in the structure of the tape material before plas-
tic deformation promotes a more intense work-hard-
ening of retained austenite during rolling, as well as a
greater distortion of the crystal lattices of the struc-
tural components. Studies of the effect of the defor-
mation temperature on the change in mechanical

properties made it possible to reveal a different ten-
dency to embrittlement of the tapes' material for these
batches.
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Fig. 4 Change in the temperature dependence of the properties
of the batch «SM»: a— a1, b — 0927 ¢ — 6; ® — SM; 0 —
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1f we compare the graphs of changes in mechanical
properties (Fig. 2), it can be seen that the material of
the rolled stock of batch «S» already has a tendency to
deformation aging and the yield strength increases
from 340 to 520 MPa at a deformation temperature of
20 and 200 °C respectively. For the batch «SM» (initial
state), the yield stress of the rolled stock practically
does not change in the entire investigated range of de-
formation temperatures.

The change in the relative elongation is character-
ized by the presence of a maximum, while its absolute
values are higher for the batch, the structure of which
contains a smaller amount of martensite («SM»).

Cold plastic deformation already at the first passes
of the tape leads to an increase in the yield stress val-
ues, magnetic induction of saturation, and distortion
of the crystal lattices of martensite and retained aus-
tenite. With an increase in the deformation tempera-
ture during subsequent tests, it can be noted that for
samples «S-1» the yield strength increases more inten-
sively (Figs. 3, 4) than for samples «SM-1».

The character of the change in the relative elonga-
tion has a dependence like the samples «S» and «SM»,
but the quantitative values of plasticity have signifi-
cantly decreased. Further cold plastic deformation of
steel by 31 % (SM-2) and 34 % (S-2) leads to the
achievement of the maximum values of the yield stress
and minimum values of plasticity in the region of
lower deformation temperatures during subsequent
tests. Since the rate of strain aging is largely deter-
mined by the diffusion mobility of impurity atoms, it
can be assumed that under these rolling modes, not
only the formation of deformation martensite occurs
with an inheritance of defects in the crystal structure
of austenite, but also intense distortions of the crystal
lattice of the existing martensite with an increase in the
density of dislocations and fragmentation of blocks.
The rolling of steel with an even greater total degree
of deformation leads to further distortion of the crys-
tal lattice of martensite and, consequently, a greater
degree of strain aging manifestation. For example, for
batch «S-4», the embrittlement effect appears already
at a deformation temperature of 100 °C.

The different character of the change in the relative
elongation with an increase in the test temperature for
batches subjected to small and large (over 40 %) de-
grees of total deformation should also be noted. This
is clearly manifested in a decrease in the maximum
curve of the temperature dependence of the relative
elongation for the batch SM-1, SM-2, SM-3, S§-1, S-2
and in its absence for the batches S-3 and S-4.

Thus, the revealed tendency to change the relative
elongation and yield strength of steel with an increase
in the deformation temperature during testing allow us
to assume that dynamic deformation aging of this steel
at operating temperatures of the diaphragms of the
elastic elements of diaphragm compressor machines is

associated with the presence of deformation marten-
site and residual austenite in the material structure. In
this case, the critical degree of deformation during
rolling is ~ 35 %, after which an intense distortion of
the crystal lattice of retained austenite and martensite
occurs, leading to the manifestation of deformation
aging of the steel at deformation temperatures of less
than 100 °C. Simultaneously, the more thermal mar-
tensite is contained in the rolled stock material before
CPD, the lower the test temperature the embrittle-
ment effect appears.

The study of the dependence of the analyzed steel's
mechanical properties after different processing
modes (CPD + aging) shows that an increase in the
aging temperature shifts the temperature range of em-
brittlement to the region of higher temperatures.
Comparing the results of fatigue tests and the tempet-
ature dependence of the relative elongation at 150 °C
shows (Fig. 5) that the optimal aging temperature is
heating at 520 °C.
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Fig. 5 The effect of aging temperature on the change in the
¢yclic strength of corrosion-resistant steel: ® - 0.4, O - 6

The method of obtaining martensite in the struc-
ture of steel also significantly affects the kinetics of
changes in material properties.

4 Conclusion

1. The complex studies carried out made it possible
to determine the modes of manufacturing a cold-
rolled high-strength stainless steel tape, considering
the change in properties during deformation at ele-
vated temperatures. The results of the comparative
analysis on the effect of operating conditions on the
change in physical and mechanical properties allow us
to conclude that the material of the diaphragms is
characterized by an intense course of dynamic defor-
mation aging processes, which manifest themselves in
an increase in the resistance to initial plastic defor-
mation and a sharp decrease in the characteristics of
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general plasticity, thereby reducing the resistance of
the material to fracture processes.

2. It was revealed that the critical degree of defor-
mation during rolling is about 35 %. An intense dis-
tortion of the crystal lattice of retained austenite and
martensite occurs, leading to the manifestation of de-
formation aging of steel at deformation temperatures
of less than 100 °C. The more thermal martensite is
contained in the rolled stock material before CPD, the
lower the test temperature is embrittlement. It com-
pared the results of fatigue tests, and the temperature
dependence of the relative elongation at 150 °C shows
that the optimal aging temperature is heating at 520
°C.

3. The change in the size of the blocks and mi-
crostresses, determined by the X-ray method from the
width of the lines, allows us to conclude that a larger
amount of the martensite phase in the structure of the
tape material before plastic deformation promotes a
more intense work-hardening of retained austenite
during rolling, as well as a greater distortion of the
crystal lattices of the structural components.

4. For increasing the operational reliability of dia-
phragms (elastic elements of compressor machines), it
is recommended to produce a steel tape containing a
certain amount of work-hardened retained austenite in
the structure with characteristics gp2/0, = 0.7. This
contributes to undergoing a martensitic transfor-
mation under the action of peak loads in local areas.

5. Experimental batches of diaphragms were made
from the steel tape that passed the research and sent
to the industrial testing enterprise.
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