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Low-Alloy Ferritic Steels Fe-Ni-Cr-Mo
Quenched and Tempered

1. General

Carbon and alloy steels can be categorized by a variety of characteristics such as composition,
microstructure, strength level, material processing, and heat treatment [1]. The carbon and alloy
steel categories selected for the Technical Reference for Hydrogen Compatibility of Materials
were based on characteristics of the steels as well as available data. In this chapter, the steels are
distinguished by the primary alloying elements, i.e., nickel (< 5.5 wt%), chromium (< 2.0 wt%),
and molybdenum (< 0.75 wt%). Additionally, data in this chapter pertain to steels that were heat
treated by heating in the austenite phase field (austenitizing), rapidly cooling (quenching) to form
martensite, then tempering at intermediate temperatures to achieve the final mechanical
properties. Hydrogen compatibility data exist primarily for the following Ni-Cr-Mo steels: 4340,
HY-80, HY-100, HY-130, and A517 (F). Since a full range of data is not available for each steel,
data for all Ni-Cr-Mo steels are presented in this chapter. Although the steels exhibit some
metallurgical differences, many of the data trends are expected to apply to each steel.

The Ni-Cr-Mo steels are attractive structural materials in applications such as pressure vessels
because of combinations of strength and toughness that can be achieved through quenching and
tempering. However, the quenched and tempered Ni-Cr-Mo steels must be used judiciously in
structures exposed to hydrogen gas. Hydrogen gas degrades the strength and ductility of Ni-Cr-
Mo steels, particularly in the presence of stress concentrations. Additionally, hydrogen gas
lowers fracture toughness and renders the steels susceptible to crack extension under static
loading. Hydrogen gas also accelerates fatigue crack growth. The severity of these
manifestations of hydrogen embrittlement depends on mechanical, material, and environmental
variables. Important variables include loading rate, yield strength, steel composition, hydrogen
gas pressure, and temperature. Control over these variables individually or in combination may
allow Ni-Cr-Mo steels to be applied safely in hydrogen gas environments. For example, limiting
steel yield strength and tailoring concentrations of manganese and silicon can improve resistance
to hydrogen embrittlement.

This chapter emphasizes fracture mechanics properties, since pressure vessel design codes
employ defect-tolerant design principles, particularly for hydrogen environments. Most fracture
mechanics data for Ni-Cr-Mo steels have been generated for material and environmental
conditions that do not reflect conditions anticipated for applications in a hydrogen energy
infrastructure. For example, much of the data pertains to high-strength steels exposed to low
hydrogen gas pressures. This chapter reports general data trends that must be considered for all
Ni-Cr-Mo steels exposed to hydrogen gas, but much of the data is not intended for use in
calculating design margins. Additional materials testing is needed to assure that hydrogen
compatibility data are obtained for the specific combination of mechanical, material, and
environmental variables required in any given application.

1.1 Composition, heat treatment, and mechanical properties

Table 1.1.1 lists the allowable composition ranges for Ni-Cr-Mo steels covered in this chapter.
Table 1.1.2 summarizes the compositions of steels from hydrogen compatibility studies reported
in this chapter. Table 1.1.3 details the heat treatments applied to steels in Table 1.1.2.
Additionally, Table 1.1.3 includes the yield strength, ultimate tensile strength, reduction of area,
and fracture toughness that result from the heat treatments.
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1.2 Steel common names and selected specifications

4340: UNS G43400, AISI 4340, AMS 6415, ASTM A29 (4340), SAE J404 (4340)
HY-80: UNS K31820, MIL-S-23009 (HY80), ASTM A372 (K)

HY-100: UNS K32045, MIL-S-23009 (HY'100)

HY-130: MIL-S-24512

A517 (F), T-1: UNS K11567, ASTM A517 (F)

2. Permeability
The permeability of annealed A517 (F) to low-pressure hydrogen gas was measured over the
temperature range 260 to 700 K [2]. The annealed microstructure consisted of ferrite + pearlite
rather than tempered martensite. The composition of the A517 (F) steel was not provided. The
temperature dependence of permeability (¢) was reported as [2]:

393 K

mol H, exp mol

m-s-+MPa RT

¢=1.5x10"*

3. Mechanical Properties: Effects of Gaseous Hydrogen
3.1 Tensile properties

3.1.1 Smooth tensile properties

Measurements from smooth tensile specimens of several Ni-Cr-Mo steels in high-pressure
hydrogen gas demonstrate that hydrogen degrades reduction of area but not ultimate tensile
strength. Table 3.1.1.1 shows that reduction of area values measured in high-pressure hydrogen
gas are 15% lower compared to values measured in high-pressure helium gas for both HY-100
and HY-80 [3]. The reduction of area for A517 (F) is approximately the same in air and
hydrogen gas; however, comparison of properties measured in high-pressure hydrogen gas to
properties measured in air must account for the effect of hydrostatic pressure on reduction of
area, yield strength, and tensile strength [3]." The lower tensile strengths for HY-80 and A517
(F) in hydrogen gas compared to values in air result from the effect of hydrostatic pressure.

The reduction of area measured in high-pressure hydrogen gas is sensitive to tensile specimen
surface condition. Tensile data in Table 3.1.1.2 reflect an attempt to study the role of surface
oxides on tensile fracture in high-pressure hydrogen gas [3]. The surfaces of smooth specimens
from A517 (F) steel were abraded with a tool to expose fresh metal, then the specimens were
tested in tension. The abrasion and testing procedures were conducted in different combinations
of environments. The results in Table 3.1.1.2 show that abrasion followed by testing in hydrogen
gas decreases the reduction of area for all abrasion environments and elapsed times after
abrasion. The reduction of area measured in hydrogen gas was governed by the presence of
surface grooves and irregularities produced by the abrading tool. The reduction of area measured

! Hydrostatic pressure imposed by high-pressure gas can reduce the yield and tensile strengths and increase the
elongation and reduction of area of metals. Mild changes in tensile properties measured in high-pressure hydrogen
gas compared to those measured in air may result from the effect of hydrostatic pressure on material deformation
and not an environmental effect of hydrogen.

November 20, 2005 Page 2
Code 1212



Low-Alloy Ferritic Steels Fe-Ni-Cr-Mo
Quenched and Tempered

in hydrogen gas 2 days following abrasion (RA = 46%) was higher than the reduction of area
measured 0.5 hr following abrasion (RA = 39%), suggesting that surface oxides reformed in the
former case and increased the ductility. But the dominant effect of abrasion was to produce fine
surface discontinuities that degraded the reduction of area in hydrogen gas.

3.1.2. Notched tensile properties

The reduction of area and tensile strength of Ni-Cr-Mo steels are more severely affected by
hydrogen when measured from notched tensile specimens compared to smooth tensile
specimens. Table 3.1.2.1 shows that reduction of area values measured from notched specimens
in high-pressure hydrogen gas are 50 to 60% lower compared to values measured in high-
pressure helium gas for HY-100 and HY-80 [3]. In addition, hydrogen gas degrades the
reduction of area for A517 (F) by 70% compared to the value in air. The decrease in reduction of
area for A517 (F) in hydrogen gas is likely to be more severe when accounting for the effect of
hydrostatic pressure. The tensile strengths of HY-100, HY-80, and A517 (F) are lower by 20 to
30% in high-pressure hydrogen gas compared to values in high-pressure helium gas (Table
3.1.2.1) [3].

Walter and Chandler [3, 4] categorized the hydrogen embrittlement susceptibility of materials
tested in high-pressure hydrogen gas based on the reduction of tensile strength for notched
specimens and the reduction of ductility for both notched and smooth specimens. The four
categories of embrittlement were as follows: extreme, severe, slight, and negligible. The HY -
100, HY-80, and A517 (F) steels were all classified as severely embrittled [3, 4].

Variation in notch acuity does not significantly affect reduction of area and tensile strength in
high-pressure hydrogen gas, as illustrated for A517 (F) steel in Table 3.1.2.2 [3]. Hydrogen
reduces tensile strength compared to values in helium by approximately the same magnitude (20
to 25%) for specimens with stress concentration factors of 3.8, 5.8, and 8.4. Additionally,
reduction of area in hydrogen is lower by 70 to 80% compared to values in air for all stress
concentration factors.

3.2 Fracture mechanics

3.2.1 Fracture toughness

The fracture toughness in hydrogen gas (Ky) strongly depends on loading rate. Figure 3.2.1.1
shows Ky data that were produced for 4340 in low-pressure hydrogen gas using standardized
procedures [5, 6]. The Ky decreases by a factor of two as loading rate decreases over three
orders of magnitude. For each loading rate, Ky is less than the fracture toughness, K. (Table
1.1.3).

3.2.2 Threshold stress-intensity factor

The critical stress-intensity factor for hydrogen-assisted crack extension under static loading is
termed a threshold (i.e., Kry). Values of Ky are sensitive to material and environmental
variables. The trends in Kty as a function of these variables are described below.
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Effect of yield strength

Yield strength is a critical material variable governing Kry. The consistent trend is that Ky
decreases as yield strength increases [7-11]. The effect of yield strength can be quite dramatic, as
demonstrated in Figure 3.2.2.1 for three 4340 steels tested in low-pressure (0.11 MPa) hydrogen
gas [7]. The Kry values decrease by a factor of four to eight for the different steels as yield
strength increases in the range 1145 to 1875 MPa. The higher Kty for steel B7 compared to
steels B6 and B2 is attributed to effects of steel composition, but yield strength still governs Ky
in steel B7.

The dominant effect of yield strength is also observed for steels tested in high-pressure hydrogen
gas [11]. Table 3.2.2.1 summarizes Ky values for HY-80, A517 (F), and HY-130 in high-
pressure (21 to 97 MPa) hydrogen gas. For constant gas pressure, Ky consistently decreases as
steel yield strength increases in the range 585 to 940 MPa.

Effect of steel composition

The segregation of impurity elements to grain boundaries facilitates hydrogen-assisted
intergranular fracture and lowers Kry. The impurity elements and heat treatment practices that
promote temper embrittlement in alloy steels also exacerbate hydrogen-assisted fracture [12].

The common alloying elements manganese and silicon influence the tendency for impurity
elements to segregate to grain boundaries. The segregated impurity elements act in concert with
hydrogen to cause intergranular fracture, but the bulk concentrations of manganese and silicon
govern Kry [7]. The dominant effects of manganese and silicon on Kty are illustrated in Figures
3.2.2.2 and 3.2.2.3 [7, 13]. In Figure 3.2.2.2, Kty values for steels based on 4340 are plotted vs
the sum of bulk manganese, silicon, sulfur, and phosphorus concentrations. Examination of the
steel compositions associated with individual data points in Figure 3.2.2.2 reveals that Kry is
most sensitive to manganese and silicon. Values of Kty measured in low-pressure hydrogen gas
decrease by a factor of five as manganese and silicon increase, then Kty reaches a lower limiting
value. Low bulk concentrations of sulfur and phosphorus are not sufficient for increasing Kry. In
Figure 3.2.2.3, results for HY-130 in low-pressure hydrogen gas show that steel A with low
manganese and silicon has consistently higher Kty than steel F.

The dominant effects of bulk manganese and silicon concentrations and secondary roles of bulk
sulfur and phosphorus concentrations are supported by results from Sandoz [8, 14]. In this study,
the concentrations of chromium, molybdenum, manganese, cobalt, carbon, sulfur, and
phosphorus were individually varied in steels based on 4340. Tests in low-pressure hydrogen gas
demonstrated that increases in manganese from 0.07 to 2.65 wt% decreased Ky (Figure 3.2.2.4).
In contrast, increases in sulfur and phosphorus concentrations in the range 0.002 to 0.027 wt%
did not affect Kyy. Other results showed that variations in chromium and molybdenum did not
affect K. Variations in carbon had no effect on Kty except at concentrations (i.e., 0.53 wt%)
above the composition limit for 4340, where Ky increased.

A notable result from the Sandoz study [8, 14] is that elements not included in the 4340 steel

specification (Table 1.1.1) can improve Ktp. As cobalt was added to 4340 in concentrations from
0.39 to 2.83 wt%, Kty was increased by 50% (Figure 3.2.2.4).
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Effect of thermal aging

Aging in the tempering temperature window for extended times can lower Kry. The effects of
extended aging following quenching and tempering are demonstrated for two HY-130 steels in
low-pressure hydrogen gas (Figure 3.2.2.3) [13]. Both steels suffer a sharp decline in Ky after
50 hours of aging. In particular, Kty for the steel with high manganese and silicon (steel F)
decreases by a factor of two. As aging time increases up to 1000 hours, Kty continues to
decrease for both steels. The decrease in Kty as a function of aging time has been attributed to
the thermally activated process of impurity segregation [15]. As described in the previous
section, impurities that segregate to grain boundaries act in concert with hydrogen to promote
intergranular fracture and lower Kry.

Effect of austenitizing temperature

Limited data suggest that austenitizing temperature does not significantly affect Kry (Figure
3.2.2.5) [16]. In the study represented in Figure 3.2.2.5, increasing the austenitizing temperature
increased the prior austenite grain size but did not significantly alter the amount of retained
austenite or the yield strength after tempering. The Kry values were defined at a crack growth
rate of approximately 7x10™ mm/s from experiments in low-pressure hydrogen gas. Because of
scatter in crack growth rate data [16] and low absolute values of Kry, it is difficult to make firm
conclusions from the data.

Effect of gas pressure

Hydrogen gas pressure is a critical environmental variable governing Kyy. The prevailing trend
is that Kty decreases as gas pressure increases [7, 10, 11, 17, 18]. The Kty Vs gas pressure trends
are influenced by other environmental and material variables such as temperature and yield
strength. The Kty VS gas pressure plots constructed for 4340 steel (1070 MPa yield strength) at
three temperatures in Figure 3.2.2.6 [10] are typical for Ni-Cr-Mo steels. The plots for the two
higher temperatures show that Kty decreases and approaches a lower limiting value as gas
pressure increases. The plots are shifted to higher Kry values as temperature increases.

Results do not reveal a consistent effect of yield strength on the relationship between Ky and
gas pressure. Data indicate that Kty for high-strength 4340 approaches a lower limiting value at
relatively low gas pressures [7, 17, 18], as illustrated in Figure 3.2.2.7. In contrast, Ky for the
lower-strength steel HY-130 (940 MPa yield strength) is still affected by gas pressure in the
range 21 to 97 MPa (Table 3.2.2.1) [11]. These sets of data suggest that Ky in lower-strength
Ni-Cr-Mo steels does not approach a lower limiting value until much higher gas pressures.
However, Kty values for lower-strength A517 (F) (760 MPa yield strength) do not vary as a
function of gas pressure between 21 MPa and 97 MPa (Table 3.2.2.1) [11]. Despite the uncertain
effect of yield strength on the relationship between Kty and gas pressure, it must be emphasized
that absolute values of Kryy decrease as yield strength increases for all gas pressure ranges as
described previously.

Effect of temperature

The K1y can increase markedly as temperature increases above ambient [10, 17, 19]. The Ky vs
temperature data in Figure 3.2.2.8 for 4340 in low-pressure hydrogen gas show that absolute
temperatures only 75 K above ambient increase Kry by a factor of three, while absolute
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temperatures 65 K below ambient do not affect Ky [17]. A similar effect of elevated
temperature on Ky is observed in Figure 3.2.2.6 [10].

3.3 Fatigue

3.3.1 Low-cycle fatigue

Hydrogen did not affect the low-cycle fatigue strength of A517 (F) [3]. Two smooth tensile
specimens were each subjected to 3000 load cycles in 69 MPa hydrogen gas and did not exhibit
failure. The specimens were cycled over a stress range from 20 to 780 MPa at a frequency of
0.14 Hz.

3.3.2 Fatigue crack propagation

Hydrogen gas enhances the fatigue crack growth rate (da/dN) [18, 20]. The effect of high-
pressure hydrogen gas on the crack growth rate vs stress-intensity factor range (AK) relationship
for HY-100 steel is demonstrated in Figure 3.3.2.1 [18]. The crack growth rates in hydrogen gas
exceed those in helium gas at all AK levels. The ratio of crack growth rates in hydrogen and
helium environments becomes more pronounced as AK increases and reaches a value of about 20
at the highest AK levels.

Fatigue crack growth rates increase as hydrogen gas pressure increases, as illustrated for HY-100
in Figure 3.3.2.2 [18]. The data show that da/dN (at fixed AK = 55 MPaVm) increases
continuously as gas pressure increases.

Hydrogen can accelerate fatigue crack growth in lower-strength steels more than higher-strength
steels [20]. Fatigue crack growth measurements in low-pressure hydrogen gas show that crack
growth rates are higher in HY-80 compared to HY-130 (Figure 3.3.2.3). At higher AK levels,
da/dN in HY-80 exceeds da/dN in HY-130 by a factor of 10. Crack growth rates in air are similar
for the HY-80 and HY-130 steels. The effect of yield strength on fatigue crack growth indicated
in Figure 3.3.2.3 is opposite to the effect of yield strength on Kty (e.g., Figure 3.2.2.1).

3.4 Creep
No known published data in hydrogen gas.

3.5 Impact
No known published data in hydrogen gas.

4. Fabrication

4.1 Properties of welds
The hydrogen compatibility of the heat-affected zone and fusion zone of welds must be
considered. Performance of welds should not be gauged based on data for base metal.
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Table 1.1.1. Allowable composition ranges (wt%) for Ni-Cr-Mo steels.*
Steel Specification | Ref. | Ni Cr | Mo C Mn Si P S Other
1.65 1 0.70 [ 0.20 | 0.38 | 0.60 | 0.15 | 0.035 | 0.040
4340 | UNSGA3400 1 12111 5 55 | 090 | 0.30 | 0.43 | 0.80 | 030 | max | max -
0.25 max Cu
2.00 | 1.00 | 0.20 | 0.18 | 0.10 | 0.15 | 0.015 | 0.008
HY-80 | UNSK31820 | 211 | 355 | 180 | 0.60 | max | 040 | 035 | max | max | O-03maxV
0.02 max Ti
0.25 max Cu
225 1.00 | 020 | 0.20 | 0.10 | 0.15 | 0.015 | 0.008
HY-100 | UNSK32045 1 211 | 5755 | 180 | 0.60 | max | 0.40 | 0.35 | max | max 0.03 max vV
0.02 max Ti
0.25 max Cu
475|040 | 0.30 | 0.12 | 0.60 | 0.20 | 0.010 | 0.010
HY-130 | MIL-S-24512 1 [22] | 555 | 070 | 0.65 | max | 0.90 | 0.35 | max | max | %02<V=0-10
0.02 max Ti
0.15<Cu<0.50
0.70 | 0.40 | 0.40 | 0.10 | 0.60 | 0.15 | 0.035 | 0.040
AS17 (F) | UNSK11567 | 1211 | 00 | 065 | 0.60 | 020 | 1.00 | 035 | mas | max |  0-03<V<0.08
: ' : ' : : 0.0005<B<0.006

*The total weight percent of elements listed does not add up to 100%; the balance for each steel

is Fe.
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Fe-Ni-Cr-Mo

Table 1.1.2. Compositions (wWt%) of Ni-Cr-Mo steels in hydrogen compatibility studies.*

Steel Ref. Ni Cr Mo C Mn Si P S Other
0.05 Cu
HY-100 3] | 257|167 | 042|016 | 032 | 022 | 0.010 | 0.019 0.002 V
0.001 Ti
0.05 Al
HY-80 3] | 249 | 146 | 043 | 0.13 | 030 | 022 | 0.016 | 0.021 0.002 V
0.001 Ti
0.04V
A517 (F) 3] | 079|054 | 043 | 0.16 | 080 | 021 | 0.010 | 0.016 0,002 B
4340 [5,17] | 2.54 | 0.86 | 0.39 | 036 | 0.76 | 025 | 0.010 | 0.010 0.093 V
modified 4340 [7] 1.82 | 0.81 | 025 | 037 | 0.007 | 0.002 | 0.003 | 0.003 0.002 Cu
(steel B7)
4340 (71 | 180 [ 075 | 026 | 037 | 072 | 032 | 0.003 | 0.005 .
(stoe] B6) . . . . . . . .
4340 0.046 Al
(stodl B2) (71 | 1.72 ] 073 | 022 | 039 | 0.68 | 0.08 | 0.009 | 0.016 0.05V
0.04 Nb
modified 4340 0.07
(steel 430n) | [ 141 | 182/ 075 | 030 | 024 | (| 027 | 0003 | 0.1 .
modified 4340 [8,14] | 1.74 | 0.85 | 0.26 | 030 | 0.79 | 032 | 0.001 | 0.004 | 0.39<Co<2.83
(steel 43Co)
4340 [10] | 1.75 | 079 | 026 | 0.41 | 0.76 | 028 | 0.008 | 0.004 0.14 Cu
0.016 Al
HY-80 [11] | 226 | 146 | 030 | 0.16 | 028 | 022 | 0.011 | 0.016 0,005V
027 Cu
0.031 Al
A517 (F) 1] | 087 | 053 | 043 | 0.17 | 0.79 | 023 | 0.010 | 0.016 0.039 v
0.003 B
HY-130 [11] | 491 | 058 | 0.58 | 0.11 | 0.85 | 027 | 0.009 | 0.007 0(')0351 él
0.075 V
HY-130 0.300 Al
(steel A) [13] | 490 | 0.51 | 0.50 | 0.14 | 0.02 | 0.03 | 0.004 | 0.005 0002 N
0.0018 Sn
0.079 V
HY-130 0.025 Al
(steel F) [13] | 497 | 048 | 0.50 | 0.13 | 090 | 036 | 0.004 | 0.006 0.002 N
0.0009 Sn
4340 [16] | 1.74 | 0.67 | 022 | 0.44 | 0.74 | 028 | 0.015 | 0.006 -
4340 [18] | 1.81 | 0.82 | 022 | 0.39 | 0.63 | 027 | 0.008 | 0.017 -
0.13Cu
HY-100 [18] | 2.86 | 1.40 | 041 | 0.16 | 031 | 020 | 0.012 | 0.019 0.003 Ti
0.003 V
HY-80 [20] | 2.99 | 1.68 | 0.41 | 0.18 | 030 | 020 | 0.018 | 0.013 0.005 V
HY-130 [20] | 496 | 057 | 041 | 0.12 | 0.79 | 035 | 0.004 | 0.005 0.057 V

*The total weight percent of elements listed does not add up to 100%; the balance for each steel

1s Fe.
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Table 1.1.3. Heat treatments and mechanical properties of Ni-Cr-Mo steels in hydrogen
compatibility studies.

s, S, [RA| Ku
Steel Ref. (MPa) | (MPa) | (%) | (MPa \/m) Heat Treatment
HY-100 [3] 730 845 65 - specification MIL-S-16216G
HY-80 [3] 620 735 69 - specification MIL-S-16216G
ASIT(F) | 3] | 765 | 835 | 63 . A 1158 K/30 min + WQ + T 936 K/60 min
4340 | 5,171 ] 1235 | 1340 | 46 }gg A 1122 K/240 min + WQ + T 833 K/240 min + WQ
mod 4340 | [ 1200 | ] 45
(steel BY) 1860 105
4340 o | 1160 40 A 1123 K/60 min + OQ +
(steel B6) 1860 | - - 90 (373 K < T < 798 K)/60 min
4340 o | 1S ] 45
(steel B2) 1875 105
mod. 4340 " . .
(ool 4y | 18141 | mes | 1305 | - |1 A 1255 K + Q + DT 689 K/(60 min + 60 min)
mod. 4340 % Al1255K+Q+
(steel 43Co) | [& 141 | 1275 | 1415 1 -1 113 (672 K < DT < 727 K)/(60 min + 60 min)
A 1323 K/90 min + OQ + SR 473 K/60 min + WQ +
4340 [10] | 1070 | 1190 | 52 - TA 198 K/180 min + T 838 K/90 min + WQ
HY-80 [11] | 585 | 690 | 77 | 125 | A 1177 K/90 min+ WQ + T 997 K/90 min + WQ
AS17(F) | [11] | 760 | 835 | 66 | 157* A 1177 K/60 min + WQ + 938 K/90 min + WQ
HY-130 | [11] | 940 | 985 | 70 | 185 A 1089 K/90 min + WQ + 900 K/90 min + WQ
(Ij;{ellio) (131 | 1040 | - ; ;
A 1273 K/120 min + WQ + T 898 K/120 min + WQ
HY-130 1 13y [ 1000 | - | - .
(steel F)
0 35 (1123 K <A < 1523 K)/15 min +
4340 [16] | 1550 1 2000 | 45 | 50« 1123 K/10 min + OQ + T 473 K/60 min
4340 (18] | 1380 | - . - A 1089 K/60 min + OQ + T 644 K/120 min
HY-100 | [18] | 765 | 855 | 70 - .
HY-80 [20] | 655 | 780 | 70 5 AT172K + WQ + T950 K + WQ
HY-130 | [20] | 965 | 1020 | 67 . A 1089 K + WQ + T 866 K + WQ

A = austenitize; DT = double temper; OQ = oil quench; Q = quench; SR = stress relieve; T =
temper; TA = transform austenite; WQ = water quench
*not reported as standardized K;. measurement
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Low-Alloy Ferritic Steels Fe-Ni-Cr-Mo
Quenched and Tempered

Table 3.1.1.1. Smooth tensile properties of Ni-Cr-Mo steels in air, high-pressure helium gas, and
high-pressure hydrogen gas at room temperature.

Strain

Test Sy Su El; RA
Steel Ref. Environment I({Saltf (MPa) (MPa) (%) | (%)
69 MPa He S 669" 780 20 | 76
HY-100 3] 69 MPa H, 3.3x10 - 793 185 | 63
air 6427 738 - 64
HY-80 [3] 69 MPa He 3.3x107* 566" 676 234 | 70
69 MPa H, 5877 683 20% | 60

N T s
air Sy 835 897 18 67
ASIT(F) | [3] 69 MPa H, 3.3x10 745" 842 | 18% | 65

*strain rate up to Sy
"defined at deviation from linearity on load vs time plot
*based on 32 mm gauge length

Table 3.1.1.2. Smooth tensile properties of A517 (F) steel in air and high-pressure hydrogen gas
at room temperature as a function of surface preparation.

. Time After Strain T t

Steel Ref. EAbradmg t Abrading Before E T est ¢ Rate* Sy (1\/?1; ) g}‘) EEA/B
nvironmen H, Contact nvironmen ) (MPa) a ) 0

no abrasion air 835 897 18 67

air | n/a air 835 890 | 18 | 64

no abrasion 69 MPa H, 5 745 842 18 65

ASIT(E) | 3] air 0.5 hr 69 MPa H, 3.3x10 766 856 12 | 39
air 2 days 69 MPa H, 731 835 14 | 46

69 MPa H, n/a 69 MPa H, 738 821 13 | 43

*strain rate up to Sy
"defined at deviation from linearity on load vs time plot
*based on 32 mm gauge length
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Low-Alloy Ferritic Steels Fe-Ni-Cr-Mo
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Table 3.1.2.1. Notched tensile properties of Ni-Cr-Mo steels in air, high-pressure helium gas and
high-pressure hydrogen gas at room temperature.

Displacement
. Test Sy* o RA
Steel Ref. | Specimen Environment (n}}:;t/es) (MPa) | (MPa) | (%)
69 MPa He 4 669 1546 | 73
HY-100 1 3] (@) 69 MPa H, ~ 410 i 1132 | 38
69 MPa He 4 566 1311 | 8.6
HY-80 | 3] (@) 69 MPa H, ~ 410 587 | 1069 | 3.6
air 835 1628 | 7.4
A517 (F) | [3] (a) 69 MPa He* ~4x10™ - 1532° | 5.7
69 MPa H, 745 1194 | 2.1

*yield strength of smooth tensile specimen (Table 3.1.1.1)

‘contaminated with hydrogen

Pestimated from strength measured in air and effect of hydrostatic pressure

(a) V-notched specimen: 60° included angle; minimum diameter = 3.81 mm; maximum diameter
= 7.77 mm; notch root radius = 0.024 mm. Stress concentration factor (K;) = 8.4.

Table 3.1.2.2. Notched tensile properties as a function of notch acuity for A517 (F) steel in air,
high-pressure helium gas, and high-pressure hydrogen gas at room temperature.

Displacement
Steel Ref. Specimen Env;f(frsl;en ¢ Rate (fo)a) {(VROA)
(mm/s)

air 1677 13

K, =3.8" 69 MPa He 1566 12

69 MPa H, 1249 2.8

air 1677 11

A517 (F) [3] K=5.8" 69 MPa He ~4x10™ 1587 12
69 MPa H, 1187 2.0

air 1628 7.4

K= 8.4 69 MPa He" 1532° | 5.7

69 MPa H, 1194 2.1

K = stress concentration factor

"V-notched specimen: 60° included angle; minimum diameter = 3.81 mm; maximum diameter =
7.77 mm; notch root radius = 0.117, 0.051, and 0.024 mm for K, = 3.8, 5.8, and 8.4, respectively.
“contaminated with hydrogen

Pestimated from strength measured in air and effect of hydrostatic pressure
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Low-Alloy Ferritic Steels

Quenched and Tempered

Fe-Ni-Cr-Mo

Table 3.2.2.1. Values of theshold stress-intensity factor for Ni-Cr-Mo steels at high hydrogen gas

ressures. .
S RA' Ky Test Krn
Steel Ref. (Mi’a) (%) (MPaVm) Environment (MPavm)
69 MPa H, NCP 106
HY-80 [11] 585 77 125% 97 MPa H, NCP 81
21 MPa H, 78
41 MPa H, 61
A517 (F) [11] 760 66 157* 62 MPa H, 70
69 MPa H, 64
97 MPa H, 74
21 MPa H, 33
HY-130 [11] 940 70 185%* 41 MPa H, 29
69 MPa H, 22
NCP = no crack propagation at given stress intensity factor
fyield strength and reduction of area of smooth tensile specimen in air
*not reported as standardized K;. measurement
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1 4340 steel
] Sy = 1235 MPa
80 1 0.55 MPa H, gas o
1 297 K
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Figure 3.2.1.1. Effect of loading rate on fracture toughness in low-pressure hydrogen gas for
4340 steel [5].
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{ 0.11 MPa H, gas O  modified 4340 (steel B7)
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Figure 3.2.2.1. Effect of yield strength on threshold stress-intensity factor for crack extension in
low-pressure hydrogen gas for steels based on 4340 [7].

Page 15

November 20, 2005
Code 1212



Low-Alloy Ferritic Steels Fe-Ni-Cr-Mo

Quenched and Tempered
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80 =001 5700 0.11 MPa H, gas
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~ 0 P=0.0036 Eﬂzn—o 63 Si=0.32
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Figure 3.2.2.2. Effect of manganese, silicon, phosphorus, and sulfur content on threshold stress-
intensity factor for crack extension in low-pressure hydrogen gas for steels based on 4340 [7].
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200 [ 0.21 MPa H, gas
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Figure 3.2.2.3 Effect of aging time at 753 K on the threshold stress-intensity factor for crack
extension in low-pressure hydrogen gas for HY-130 steels [13].
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Figure 3.2.2.4. Effect of manganese or cobalt content on threshold stress-intensity factor for
crack extension in low-pressure hydrogen gas for modified 4340 steels [8].
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Figure 3.2.2.5. Effect of austenitizing temperature on threshold stress-intensity factor for crack
extension in low-pressure hydrogen gas for 4340 steel [16].

November 20, 2005 Page 17
Code 1212



Low-Alloy Ferritic Steels Fe-Ni-Cr-Mo
Quenched and Tempered

100
{1 4340 steel
1 Sy = 1070 MPa
80 O 302K
= - AA . O 323K
A 347K
@ o &4°a
¥ A
60
é O O A
- D D
O
40
20 T T T T T T T T T T T T T T T
0 2 4 6 8

H, gas pressure (MPa)

Figure 3.2.2.6. Effect of hydrogen gas pressure on threshold stress-intensity factor for crack
extension in 4340 steel [10]. Data are shown for three temperatures.
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Figure 3.2.2.7. Effect of hydrogen gas pressure on threshold stress-intensity factor for crack

extension in high-strength 4340 steel [18].
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Figure 3.2.2.8. Effect of temperature on threshold stress-intensity factor for crack extension in
low-pressure hydrogen gas for 4340 steel [17]. Two loading modes were used to generate the
data: constant displacement and constant load rate (dK/dt = 0.1 to 0.2 MPaVm/min).
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Figure 3.3.2.1. Fatigue crack growth rate as a function of stress-intensity factor range for HY -

100 steel in high-pressure hydrogen and helium gases [18].
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Figure 3.3.2.2. Fatigue crack growth rate as a function of hydrogen gas pressure for HY-100

steel at fixed stress-intensity factor range [18].
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Figure 3.3.2.3. Fatigue crack growth rate as a function of stress-intensity factor range for HY-80
and HY-130 steels in air and low-pressure hydrogen gas [20].
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