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ESTIMATION OF THE INFLUENCE OF HYDROGEN ON THE MECHANICAL
CHARACTERISTICS OF 40KH STEEL
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We propose a theoretical and experimental approach to the quantitative evaluation of the influence of
hydrogen on the mechanical properties of 40Kh steel. We experimentally determine the characteristics
of strength and plasticity and construct analytic dependences of the yield strength, true fracture stresses,
and relative narrowing of 40Kh steel on the concentration of hydrogen in steel.
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It is known that hydrogen acting upon a metal affects its physicomechanical characteristics [1]. Therefore,
a procedure was developed to determine the influence of hydrogen on the physicomechanical properties of the
material in the case of its deformation. The procedure is based on the force scheme of tension of cylindrical
specimens [2] in a high-pressure chamber.

Materials and Experimental Procedure

To determine the mechanical characteristics of 40Kh steel, we used smooth specimens with round cross sec-
tions of type IV (according to GOST 1497-84). They had the following nominal diameter in the working part:
dop = 10 mm, a length of 100 mm, and a screw grip part. The specimens were made of a rod of 40Kh steel in
the as-delivered stat with regard for the standard requirements concerning the site of cutting-out of the specimen
from the blank and the modes of cutting and cooling.

The strength tests were carried out in a FP-100/1 universal tearing machine under static tension. The char-
acteristics of strength (Gg,,0,) and plasticity (J,y) of the analyzed steel were determined under the follow-
ing conditions: a temperature of 20°C, a humidity of 50-60%, an atmospheric pressure of 0.1 MPa, and a rate

of loading of the specimen of 1.667 - 107> m/sec (remains constant in the course of testing of all batches of the
specimens). According to GOST 1497-84, the mechanical characteristics were measured by testing three speci-
mens.

We loaded the specimens up to fracture with simultaneous recording of the “load P —elongation Al and
“load P —contraction Ad” diagrams with the use of a specially developed measuring system. After fracture,
we measured the elongation /. and neck diameter d,. of the specimen and used these results to compute the

mechanical characteristics [2].
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To estimate the influence of gaseous hydrogen on the resistance of steel to hydrogen degradation, we per-
formed experimental investigations of nonhydrogenated specimens in the as-delivered state in air and specimens
hydrogenated in special testing chambers with specified parameters of the medium. The specimens were hydro-
genated in the chamber at a temperature of 400°C under pressures of 0.1, 0.9, and 10 MPa for 4 h. Then they
tested in a chamber filled with hydrogen and destroyed under the indicated pressures. In the course of the tests,
we recorded the “tensile force vs. elongation” diagrams to the memory of a PC with the use of an analog-to-
digital converter.

Determination of Hydrogen Concentration in the Analyzed Steel

To establish the dependences of mechanical characteristics on the amount of hydrogen, we developed
a method according to which the concentration of hydrogen was measured on the side of fracture surface in
a fragment of a broken hydrogenated specimen tested under pressures of 0.1,0.9, and 10 MPa.

We placed a cut-out fragment of the investigated specimen 2 x 3 mm in size in liquid nitrogen. The hydro-
gen concentration in this fragment on the side of the fracture surface was measured by the method of vacuum

extraction [3] within the measurement range 1079-1072 wt.% with an accuracy of *=3%. The procedure of gas

extraction from the metal was carried out by pulse heating to a temperature of 2500°C. The results of analysis
(Table 1, numerators) were conveyed to a digital voltmeter. In the denominators, for the sake of comparison,
we present the theoretical results obtained by the Sieverts law.

Table 1. Hydrogen Concentration in Specimens of 40Kh Steel

Pressure, MPa Mass of a Fragment of the Specimen, kg Content of H,, ppm
0.1 1.1854-1073 45/3.5
09 1.1792-107° 11/10.6
10 137361077 32/35

As follows from Table 1, as the hydrogen pressure in the chamber increases to 10 MPa and the cylindrical
specimens of 40Kh steel are destroyed, the concentration of hydrogen in the fragment of the specimen on the
side of the fracture surface (corresponding to the maximal stresses) increases.

Results of the Tests

The determined mechanical characteristics of 40Kh steel in air and hydrogen are shown in the histo-
gram (Fig. 1).

On the basis of the results of analysis of the fracture diagrams for 40Kh steel obtained in air and in hydro-
gen, we discovered that the characteristics of strength Gy, and &, under the action of hydrogen increase by
2-3%, whereas the relative narrowing . and true fracture stresses S. decrease by 8—10%. Hence, the influ-

ence of hydrogen on the physicomechanical characteristics of the material becomes stronger for high stresses
and strains that lead to its plastic deformation.
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Fig. 1. Mechanical characteristics of 40Kh steel: (o) in air, (m) in hydrogen (10 MPa).
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Dependences of Mechanical Characteristics on the Hydrogen Concentration

To describe the results of experimental investigations by analytic dependences, we use the least-squares
method [4]. For a given system of n experimental points (x;,y;), we have to find an analytic dependence

Y(x)=F(x,a,a3,...,a,) for which the condition of the least standard deviations from y; at x; is satisfied.

In other words, it is necessary to find the minimum value of the functional
S 2
q)(al’az""’am): Z[yi_Y(-xi)] s (1)
i=1

where a; are unknown parameters that, along with the function F, guarantee the equality

i=1

D(ay,az,...,ay) = min{Z[yi—Y(xi)lz}, (2)

and m is the number of parameters in the relation for the function F .
For this functional, we can represent the formal expression as follows:

n
D(ar,ay,...,a,) = Et[yi—F(x,-,al,az,...,am)]2 . 3)
i=1

We select the type of the function F by analyzing the experimental results and find the values of arbitrari-
ly chosen m parameters from the solution of the system of algebraic equations

a@(a],GZa-”’am) =0

8a1 ’
BCD(al,az, -,am) =0

94, ’ 4)
a(D(al,az, ’am) =0

oa,, ’
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where

0®(ay,a,...,a,,)

da;

J

in accordance with (3).

i=1

n
2 [yi = F(x;,a1,a, .y @)

oF (x;,ay,as,...,4,,)

% )

J

Hence, in the general statement, we have to solve the following system of m algebraic equations with re-

spect to the parameters «a j (j=12,.

i=1

n
E[yi_F(xi,al,az,...

L,m):

)]

,am)]

sam)]

oF(x;,a1,ay,...,a,,) =0

8(11 ,
oF (x;,a1,az,...,a,) =0

8612 (6)
aF(.xi,al,GZa---,am) =0

daa,,

By analyzing the experimental data that reveal the influence of hydrogen concentration Cy on various

mechanical properties, such as the conventional yield strength G, , true ultimate strength S., and relative

narrowing at fracture ., we can show that the required dependences are monotone within the analyzed ranges

and have no characteristic inverse points.

To describe these dependences, we use a fractional rational function with three parameters «; , i.e.,

F(x,a,a5,...,a,) = a +

asz+x ’

(7

where a;, a,, and a3 should be found from conditions (6), where the partial derivatives of the chosen func-

tion (7) with respect to the parameters a; can be written as follows:

J

IF (x;,a1,ay,a3)

IF(x;,a1,ay,a3)

L,
6a1
aF(-xiaal7a2’a3) _ 1
day as + x; ’

®)
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Substituting the specific expressions (7) and (8) in system (6), we arrive at the following nonlinear system

of three algebraic equations with respect to the parameters a; (j=1,2,3):

-
E yi—ar+ ©_1-o,

=1L as + Xx; |

o a | 1
I yi—a+—= = 0, 9)

as+x; |az+x;

~
I

—_
r

a ] 1
Vi —ay + —2 5 =0.
az+x; |(az+x;)

L03=

,7
~
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Example of Application of the Proposed Method

To apply the proposed method, we use the experimental results (Table 2) of our study of the influence of
hydrogen concentration on the mechanical characteristics of 40Kh steel.

Table 2. Influence of Hydrogen Concentration on the Characteristics of 40Kh steel

Cyq. ppm
Mechanical characteristics
0 4.5 11 32
Co,, MPa 851 855 860 870
S., MPa 1578 1480 1420 1401
V. 0.59 0.575 0.57 0.56

For the sake of convenience, in order to represent the results of analytic processing of these experimental
data, we pass to relative quantities (Table 3) under the assumption that the concentration of H, is equal to zero

in nonhydrogenated specimens of 40Kh steel.

Table 3. Relative Mechanical Characteristics of 40Kh Steel for Different Hydrogen Concentrations

Relative mechanical Ch ., ppm
characteristics 0 45 11 3
002(CH)/0p2 1 1.006 1.012 1.024
S.(Cy)/S, 1 0.925 0.887 0.875

Y (Cy)/y,. 1 0.988 0.979 0.966
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Fig. 2. Dependences of the relative mechanical characteristics on the concentration of hydrogen: the solid curves correspond to
the three-parameter dependences and the points correspond to experimental the data; (1) ©,(Cy)/Gpa, (2) W.(Cy)ly,.,

(3) S(Cu)/S -

Table 4. Results of Evaluation of the Parameters of Interpolation Formulas

Characteristics of the material ai; Ay as; Fi(ay,ay,a3)
Go.2 1.0427 —1.0898 24.6784 0.0000005
S 0.8614 0.3858 1.7789 0.000026
Y. 0.9527 0.5616 10.9810 0.0000025

On the basis these data and the function given by relation (7), we get the following dependences of three
relative mechanical characteristics on the hydrogen concentration:

002(Cu)/0o2
Se(Cr)ISe = ay+—t—, (10)
as; + CH
1PC(CH )/wc
1
where i=A;, A=14 2 , and the unknown parameters are presented in Table 4.
3

In Fig. 2, we show the results of three-parameter interpolation of the experimental data.

CONCLUSIONS

We determine the characteristics of strength and plasticity of 40Kh steel in the as-delivered state in air and
in hydrogen under fixed pressures of 0.1, 0.9, and 10 MPa. To determine] the dependences of the mechanical
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characteristics on the level of hydrogenation of steel, we realized the approximation of the experimental results.
The proposed approach can be used in studying the fracture resistance in hydrogen-containing media for different
classes of low-alloy structural steels in arbitrary pressure ranges.
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