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Abstract

Hydrogen-metal interaction phenomena belong tantbst exciting challenges of today's physical
metallurgy and physics of solids due to the uncomiehavior of hydrogen in condensed media and
to the need for understanding hydrogen's strong@tnegimpact on properties of some high-strength
steels and alloys. The paper cites and summaressarch data on fundamental thermodynamic
characteristics of hydrogen in some metals thabrébis endothermally at elevated temperatures.a~or
number of metal-hydrogen systems, information omesgphase diagrams previously not available to
the English-speaking scientific community is preéedn

I ntroduction

A phase diagram not only represents fundamentaiibdynamic characteristics of the interacting
elements and phases but also provides basic infaimmaeeded to engineer processes of melting,
solidification and heat treatment and to deternaith@y service conditions. Research in this impdrtan
area has been hindered by the well-known diffiesltinvolved in experimentation with hydrogen at
elevated temperatures. With the limited amount mformation available on high-temperature
interactions of hydrogen with some metals of gmattical importance, a task was set to determine
phase diagrams for the systems Fe-H, Ni-H, Co-Hi(¥n-H, Cu-H, Al-H, Mg-H, Be-H, Mo-H and
W-H. The diagrams used original or refined daténgdrogen solubility together with new findings on
the effects of hydrogen on metal melting tempeeaturd transformation temperatures.

Experimental

A number of techniques were developed by the pteserer that enable investigations into
metal-hydrogen systems over broad ranges of temyserand pressure. Experimental apparatuses were
made in several configurations/modifications. Tlasib units enable heating, cooling, holding and
guenching in a vacuum or in an atmosphere of hyrpgelium, argon, nitrogen or their mixtures,
together with thermal analysis and DTA at tempeestwp to 2300 K and pressures as high as 100
MPa.

The materials used were at least 99.95 % pure. ddgar — or helium or argon in control or
special runs — was pressurized above 20 MPa wittembrane pump specially designed to prevent
gas contamination during pressurizing. The conttols were performed in ultra pure hydrogen
prepared by filtration of commercial hydrogen thgbyalladium membranes.



Furthermore, specialized apparatuses were develapeddmade that enabled preset holding,
guenching, thermal analysis or magnetic tests. flhed technique for hydrogen determination was
developed that improved the accuracy of hydrogéubdidy measurements by an order of magnitude.

Instruments from LECO, Balzers, Niaphot and Cameese used in the experiments. Also
employed were conventional methods of quantitativetallurgy, hydrostatic weighing, selective
etching by thermal, chemical and electrochemiaainteques, micro hardness measurements and tensile
tests.

The experimental procedures were modified dependmghe chemical nature of the metal at
hand. For this reason, sections dedicated to iddatisystems may contain information on features of
the experimental techniques.

Thelron-Hydrogen System

Previous research on the Fe-H system was mostiyséaton hydrogen solubility in iron. On the
other hand, data on how hydrogen influences théimgeiemperature and the allotropy are very scarce.
W. Geller and Tak-Hosun tried to assess the Fedgrdm for a hydrogen pressure of 0.1 MPa, using
the existing data on hydrogen solubility and theéegal thermodynamic relationships [1]. It was
concluded that hydrogen reduces the melting temyrerdy 1.8 K and extends tlyeregion. It was
observed even earlier that they equilibrium temperature drops by 4 K in the preseaf hydrogen
[2].

The present writer investigated the effects of bgén on iron transformation temperatures at
pressures up to 90 MPa and temperatures ranging568® to 1600C [3].
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Figure 1. Apparatus for studies into the effects of hgeémo on metal transformation temperatures. 1:
heating element, 2: specimen, 3: ice water vegkeljalvanometer, 5: potentiometer, 6: balance
galvanometer, 7, 9: voltage regulators, 8: synabmsrmotor with gear box.

Figure 2. Apparatus for charging metals with hydrogen godnching in water. 1: water, 2: heating
element, 3: specimen, 4: thermocouple, 5: ice wadssel, 6: potentiometer, 7: voltage regulator.

Figure 1 shows the experimental apparatus usdtkeistudy. The high pressure chamber made of
austenitic stainless steel had a water-cooled gasid covers. Resistance furnaces with molybdenum
or tungsten heating elements were used. The chawdsrhad a thermal insulation of quartz washers
and alumina tubes. Thermal analysis and DTA wad tseletermine the transformation temperatures
in heating. W-Re thermocouples in alumina sheagéingesl as sensors. The electromotive force of a
plain thermocouple was measured with a Class Oabgagometer enabling a precision of 1 K; for a
differential thermocouple, a balance galvanometas wsed. The gas pressure was measured with a
pressure gage to an accuracy not less than 2 %hyidregen gas of commercial purity was supplied in
cylinders. The gas composition was checked withraraatograph.

High-pure iron with a maximum total amount of imipies at 0.002 % was prepared for the
experiments by induction melting of carbonyl iram an alumina crucible and an atmosphere of
hydrogen. The liquid iron was then held 1 h in arffir degassing. An ingot about 350 g in weight was
cut and forged to rods 15 mm in diameter which wexet machined to cylinders 12 mm in diameter
and 16 mm long. These were cut lengthwise, andeazoom in diameter and 10 mm deep was drilled
in each of the halves to allow insertion of a thecouple. Molybdenum specimens were used for
reference. An iron sample was degassed togethbrani¢ference specimen in a vacuum at 8D@or
5 h. Next, the two specimens together with a thiartg plate interposed for thermal insulation were
placed into the experimental chamber. In ordettt@irathe closest possible proximity to the gasahet
equilibrium, the iron specimens for some runs waeeked up from plates 0.5 mm thick made by
rolling at room temperature.

The saturation time at 900 was 300 s for a solid specimen and not longen tta s for a
stacked specimen. At higher temperatures, theaaiartime lengths were even shorter. With this in
mind, the rates of heating and cooling were vainetie range from 1 to 100 K/min.

The experimental data were practically the sameaHhertwo specimen types because preliminary
saturation with hydrogen was carried out in theniig of phase transformation temperatures. The
heating and cooling curves were obtained simultasigovith differential curves. Several replications



were run for each experimental point (10 to 15). dédoling curves were used to determine phase
diagrams because of marked super cooling in phassformations.

Figure 3. Apparatus for hydrogen determination lglic vacuum extraction. 1: reaction tube, 2:
specimen, 3. galvanometer, 4: furnace, 5: voltaggilator, 6: pressure sensor, 7: diffusion pump, 8:
roughing pump, 9: vacuum gage, 10: recorder.

Hydrogen solubility was determined via quenchingse-far the only technique available for high
temperatures and hydrogen pressures. Fig. 2 gigefi@matic of a unit for holding in hydrogen gas
and subsequent quenching. The holding temperata® maintained to a precision of 2 K. The
saturation time was selected for each temperatyrérigl and error. When the equilibrium was
attained, the furnace was rotated, so that thermmpecwas abruptly dropped into the quenching sectio
filled with ice water. When the experimental tengiare was above the melting point, the molten iron
flowed into the quenching section via a quartz tuliee average cooling rate in water was about 300
K/s.

The hydrogen content was measured by vacuum exinadirectly after quenching. In order to
improve the accuracy of measurements, a speciarafys was designed, Fig. 3. It eliminated the main
disadvantage of Sieverts method, namely equilinabetween the solute and the gaseous hydrogen
during the vacuum extraction. This disadvantage easected via cyclic degassing. On reaching an
internal pressure of 10 Pa, the reaction tube wasexted to the vacuum system preevacuated to 0.001
Pa. The hydrogen that had released was removeddaw &econds, the reaction chamber was again
isolated from the vacuum system, and the relea$gdrbgen was resumed under a high vacuum. The
absolute accuracy of hydrogen measurement for a#B@eaction tube was 0.03 énThe corrections

for possible hydrogen release during specimen duegavere negligible at less than 1 %. The interval
between the quenching and the degassing step wésnger than 5 min. An estimated 0.5 % hydrogen
could release from a spherical specimen 15 g ighteit room temperature. The bake-out was carried
out stepwise: first at 300C, next at 800C. At least 80 % of the hydrogen evolved at 3G0 The
correction for residual hydrogen due to vacuum imglvas 0.05 cth To estimate the side effects of
guenching, namely possible iron charging with hgerg oxygen and nitrogen during contact of hot
specimen with water, the unit was filled with hetiwat a similar pressure. The amount of these gases
was found to range from 0.1 to 0.3%tper 100 g iron.
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Figure 4. Effects of temperature and pressure on hydregkirbility in iron.
Figure5. Proposed Fe-H phase diagram for 40 MPa presSereeral view of the Fe-rich portion (left)
and the major nodes (right).

It was found that hydrogen reduces iron meltingpgerature and expands the temperature range of
gamma iron stability, see Fig. 5. These findings iar qualitative agreement with earlier estimates;
moreover, quantitative agreement was observedherntelting temperature drop at 0.1 MPa [1].
However, the transformation temperature shifts slite agreement with the earlier theories, the
estimated values being 4 to 5 times greater tharesiperimental ones. Our findings therefore reveal
that at low pressures hydrogen does not much affecttransformation temperatures of iron. Its
influence becomes appreciable from 2 or 3 MPa.

Remarkably, the curve slopes are changed at pesssiir20 to 25 MPa, so that increasing the
pressure is accompanied by only negligible shiftshe transformation temperatures. Based on a
comparison of these results with the data on thexisf of pressure on hydrogen solubility, see #&jg.
the above phenomena may be associated with dewsdtiom the Sieverts’ square root law at pressures
exceeding 10 MPa [4].

From a comparison of our data on hydrogen solybditd hydrogen effects on the values of
transformation temperatures of iron, it may be dahed that what is called a “limiting” Fe-H phase
diagram should exist because there are naturabliilmns on hydrogen solubility in iron and therefor
the shifts of transformation temperatures are édhitFig. 5 shows a version of such a diagram. The
diagram shows that hydrogen effects on the tramsfbon temperatures are similar in nature to those
of carbon and nitrogen. In terms of their averageular fractions, hydrogen, carbon and nitrogen
display similar impacts on behavior of liquid sadms and austenite, although hydrogen influences
alpha and delta ferrite much less. The above diagtaows three invariant equilibria, namely VB the
gas-eutectic, WJ the gas-peritectoid and LR thesgéectoid one.

The severe deviations from Sieverts law may be ezhly saturation of the iron lattice with
hydrogen, for it is clear that no complete solupiis possible in the Fe-H system. It must reserttide
systems Fe-C and Fe-N in this respect. The negalexeations are balanced out by a superior
absorbing capacity of lattice defects like grairutaries, dislocation piles and microdefects. It is
possible that above some pressure the hydrogeerdonbuld be greater at lower temperatures than at
higher ones. This peculiar combination of the d@ffeaf pressure and temperature on the solubility
would result in an inflected line of hydrogen palrtsolubility in ferrite (LQ). It should be noted,
however, that this statement on an equilibrium reatii the LQ line is open to discussion.



It is worthwhile dwelling on the data on hgden solubility in delta iron. The characteristafs
solubility in this allotropic form turned out to lmeuch different from those in alpha iron. For exémp
the heat of solution of hydrogen in delta iron iasnd to be 2.5 times that in alpha iron. Earlier,
was believed that the solution behavior in the padymorphs should be similar because of their
similar crystal structure. The above data testifyirtherent differences in the physical chemistry of
alpha and delta iron. After all, the occurrencesiofilar lattices in so distant temperature regions
itself should indicate their difference.

The Systems Nickel-Hydrogen and Cobalt-Hydrogen

Although studies into hydrogen interactions witltckal- and cobalt-base materials are topical,
such data are still lacking in the available litara [5]. This may be a reason why no information o
the respective phase diagrams could be found fite guong time.

The experimentation was performed using units desdrabove, see Figs. 1- 3 . Hydrogen
solubility measurements were carried out in thegeanfrom 500 to 1500C and 0.1 to 50 MPa by the
method described for iron. The influence of hydroga melting temperatures of nickel and cobalt was
investigated by the thermocouple circuit break megqie. Its advantage over the thermal analysidiies
the possibility of using specimens shaped as Mary wires in which the gas-metal equilibrium is
attained fairly rapidly. In the experiments at haadwire 0.1 mm thick and 3 to 4 mm long was
connected in series with a W-Re thermocouple aadegl into the zone of gradient-free heating. While
heating the specimen at 2 K/min, potentiometeringmdwere followed. The circuit was broken at the
instant of melting, and the corresponding readirag waken to be the melting temperature. Thermal
analysis as employed for the Fe-H system was aed to check this technique, and the results were
practically identical. At least 20 measurementsnelting temperature were taken, the reproducibility
and scatter allowing an accuracy of 2 K.
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Figure6. Effects of temperature and pressure on hydregtirbility in nickel and cobalt. 1: 60, 2:
800°C, 3: 1000°C, 4: 1200°C, 5 (Ni): 1350°C, 5 (Co): 1400C.



The experiments revealed that the solubility of rogén in nickel or cobalt is increased with
increasing temperature and pressure (Fig. 6), wihiée melting temperatures decline with rising
hydrogen pressure, Fig. 7. At temperatures in exadgs1200°C, both metals exhibit negative
deviations from the Sieverts law similar to thogsaibed above for iron. Therefore, “limiting” pleas
diagrams may exist for the Ni-H and Co-H systenss,sathe case with the Fe-H system. High-
temperature portions of the two diagrams includirgggas-eutectic equilibrium were determined based
on the data obtained for hydrogen solubility andrbgen effects on the melting temperatures, Fig. 8.
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Figure7. Influence of hydrogen pressure on melting tenatjpee of cobalt (1) and nickel (2).
Figure 8. Phase diagrams of the Co-H (top) and the Nisstesn (bottom) for pressures below 50
MPa.

The Chromium-Hydrogen System

The interactions of hydrogen with chromium are hoknown. Only a few papers are available on
hydrogen solubility in this industrially importantetal [6, 7].

An investigation into hydrogen solubility in chrami and into the influence of hydrogen on
chromium melting temperature was carried out inrdrege of temperatures from 300 to 15@and
pressures up to 10 MPa.

Electrolytic chromium of 99.98 % purity was remdlt@ a vacuum induction furnace and poured
to ingots 250 to 350 g in weight. These were maahino spherical specimens for solubility
measurements or to cylindrical ones for thermalysisaruns.

The experimental units and techniques were the saner the iron-hydrogen system.

Chromium was found to occlude hydrogen exothermatiyto 550°C and endothermally above
this temperature, Fig. 10. It therefore cannot aegorized with any of the well-known groups of
exothermally occluding, endothermally occludingdhge-forming or non-hydride-forming elements.
This supports a view that some metals should bssified under a special group regarding their
interactions with hydrogen [8].
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Figure9. Hydrogen solubility in chromium for 0.1 MPa gsere.

Figure 10. Chromium melting temperature as a functionfaum compression (1) and hydrogen
pressure (2).

Figurell. Cr-H phase diagram for hydrogen pressure Ug telPa.

Above 600°C, the solubility of hydrogen in chromium followseS8erts law over the entire
pressure range up to 10 MPa. Different investigatoave reported the melting temperature of
chromium quite differently within a wide range frob%13 to 1900°C, which may be explained by
different levels of impurities in the samples undgudy. Our measurements gave the melting
temperature value of 177&. As the hydrogen pressure and consequently rienbin the metal is
increased, the melting temperature drops markéddy,11. It became possible to determine a partial
Cr-H diagram depicted in Fig. 12 using the aboveeeixnental data together with some assumptions
regarding hydrogen solubility in liquid chromium, [@]. With this in mind the liquidus is shown in
broken lines. The diagram indicates that a gasesgateeaction should occur in the Cr-H system,sas i
the case in the systems described above.

The Copper-Hydrogen System

Only a few investigators addressed the Cu-H sysMareover, an analysis of the literature data
revealed that their measurements of hydrogen ditjuliere in conflict. For example, the reported
values of heat of solution varied from 70 to 205rd. The absolute values of solubility limit also
differed almost by an order of magnitude.

The present studies involved the experimental eqei and techniques described in the section
on the Fe-H system. Hydrogen gas pressures fronro00 MPa and temperatures from 600 to 1100
°C were used.

It was found that hydrogen solubility in coppeinsreased with increasing the temperature and/or
pressure, Fig. 12. Contrary to iron, nickel andatplcopper obeys the Sieverts law over the entire
ranges of temperature and pressure. This can bkiesg by differences in the chemical nature
between copper and the above metals belongingtwdh group.



30
= 1-600°C
S 25 2-800°C o & { 1085
i 0 e L
7 3-1000°C Liquid Copper
= 20 4-1050°C o
= o
Z 15 - £ 1080 L+H,
S D
Z 10 =
= 5 lid 1075
ol 1‘ i (:‘ )
a .'."".I I 1 | 1 1 > |1( ?ppﬂl 1 1 |OH_I—|I2 1
0 3.0 6,0 9,0 20 40 60 0.0 0,5 1.0 1.5
Hydrogen Pressure MPa'/ Hydrogen Pressure MPa Atomic Percent Hydrogen

Figure 12. Effects of pressure and temperature on dieddfydrogen content in copper. 1: 6@ 2:
800°C, 3: 100C°C, 4: 105C°C.

Figure13. Influence of hydrogen pressure on copper ngetemperature.

Figure14. Cu-H phase diagram for pressures up to 50 MPa.

Rising hydrogen pressure in the furnace and aaegihdihydrogen content of copper results in
monotonous lowering of the melting temperature,. Ai§. However, the influence of hydrogen is
comparatively weak because of its low solubilityaimd relatively weak interactions with copper.

The experimental data were used to determine @&pphase diagram for the Cu-H system, Fig.
14. Clearly, the system exhibits gas-eutectic @muim in the vicinity of the melting point for per
copper.

The Systems Aluminum-Hydrogen and Magnesium-Hydrogen

Magnesium and aluminum have a wide variety of @afilbns in aerospace, nuclear engineering
and chemical processing industry, which invites endata on thermodynamic characteristics of the
Mg-H and Al-H systems.

The available data for magnesium are quite indefiicand often contradictory [10-13]. For
example, one paper cited exothermic hydrogen oiceiusy magnesium while another found it to be
endothermic. It is not our intention to make a syrof the literature, for it is presumed that the
contradictions in the data mostly result from meogical errors which are especially common in
studies into hydrogen behavior in metals.

The solubility of hydrogen in aluminum was studigg many researchers, and their data are in
good agreement [14]. For this reason, no attempg made to investigate hydrogen solubility in
aluminum while the most reliable literature datarevetilized for determination of a partial phase
diagram.

Hydrogen solubility in magnesium was measured asgures up to 60 MPa using the above
techniques. Fig. 15 gives results obtained at aspre of 0.1 MPa. As the pressure is increase@ to 6
MPa, the solubility rises also, obeying the Sievéatv. This type of behavior is observed in theHAl-
system as well. In this regard, magnesium and aumiare fairly similar to copper.
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Figure15. Hydrogen solubility in magnesium at 0.1 MPassure.
Figure 16. Melting temperature of aluminum (top) and mesyam (bottom) as a function of hydrogen
pressure (dots), uniform compression (dotted liaes)) dissolved hydrogen content alone (solid lines)

The experiments on melting in hydrogen gas reveidlatlhydrogen dramatically reduces melting

temperature of magnesium but has negligible effecaluminum, Fig. 16. Note that with magnesium
the influence of hydrogen is appreciable below 1BaMvhile above that pressure, the drops in melting

temperature are very low.
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Figure 17. Phase diagrams of the Al-H system fd¥ MPPa hydrogen pressure (left) and the Mg-H
system for 0.1 MPa pressure (right).

This behavior results from simultaneous actiomm@form compression that increases the melting
temperature and solute hydrogen that lowers ittt factors being mutually balanced in a high-
pressure melting run. The influence of hydrogensgeis felt up to 100 MPa.

With aluminum, a small 2 K drop in melting temperatis observed as the pressure is increased
to 90 MPa. So slight an effect is largely due te Wery low solubility of hydrogen in aluminum. For
this reason, the uniform compression balancesheuinipact of dissolved hydrogen almost completely.



Based on the experimental data and the availabiditons of magnesium hydride occurrence,
phase diagrams were constructed for the systemsiMged Al-H, Fig. 17. The Mg-H phase diagram
involves two invariant equilibria, namely a gaseatic and a gas-peritectoid one associated with
hydride decomposition in heating. The Al-H diagrampwever, displays only a gas-eutectic
equilibrium. As regards possibility of aluminum higle formation, no reliable data are availableha t
literature.

The Manganese-Hydrogen System

Manganese is widely used in metallurgy. Howevechstata are extremely scarce. It is not even
conclusively established whether this metal absbgtosogen exothermally or endothermally [10, 15-
17].

The solubility of hydrogen in manganese was ingaséid at pressures ranging from 0.1 to 50 MPa
and temperatures from 300 to 14%Din this study. For these purposes, electroly@mganese with a
purity of 99.95 % was remelted in an induction fge filled with spectroscopically pure helium gas.
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Figure 18. Manganese transformation temperature shifes tduuniform compression (1), hydrogen
content alone (pressure (dots) and dissolved hgar@g.
Figure19. Mn-H phase diagram for pressures up to 50 MPa.

The experiments revealed that manganese occludéoden endothermally over the entire
temperature range studied. No deviations from 3isvlaw were observed — a peculiarity of
manganese in comparison to iron, nickel and coliak. probably associated with the close chemical
affinity of manganese to hydrogen which enhancesntietal’s ability to occlude the gas. It is not
impossible that negative deviations from Sieveats Will occur at pressures exceeding 50 MPa. So
high pressures, however, were beyond the scopgeesétstudies.

A study into the transformation temperatures reagtdhat hydrogen stabilizes that phase in which
it shows the higher solubility, Fig. 18. This reféo the liquid and the solid polymorphs of mangane
alike.

The data obtained at pressures up to 50 MPa werktasdetermine a phase diagram for the Mn-
H system, Fig. 19. The diagram exhibits a gas-éiotea gas-peritectoid and two gas-eutectoid
equilibria. No manganese hydrides were either ofeskein the experiments or mentioned in the
available literature.

The Systems Molybdenum-Hydrogen and Tungsten-Hydrogen

Very little data on the systems Mo-H and W-H weoairfd in the literature [18, 19]. No
information was available about research speclfi@amed at determining hydrogen solubility in thes
metals near their melting temperatures.

We investigated hydrogen absorption by liquid tdegsand molybdenum under nearly
equilibrium conditions. The experimentation invalven special apparatus in which direct-arc
crucibleless melting in a controlled atmosphere Yadi®wed by melt quenching in a water-cooled
copper mold.

The unit was so designed that the electrodes dmeildlaced in any desired position with respect
to the gravitational field. The arc was struck lyntacting the electrodes whose dimensions and
positions were selected so that all molten metalareed in the arc zone. A drop detached from the
electrode and fell into the mold when its weighteeded the surface tension forces. At this moment,
the arc was extinguished. The melt exposure tdheating was controlled by manipulation of current
and electrode dimensions. The apparatus was seaeal,m evacuated down to 0.1 Pa and backfilled
with a hydrogen-argon mixture of preset compositi@me electrode, normally the cathode, was
advanced without compromising the autoclave sealegigned for pressures up to 10 MPa.
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Figure 20. Hydrogen solubility in liquid tungsten (1) atiquid molybdenum (2) as a function of
hydrogen pressure at melting temperature.

The arc was stabilized with a magnetic field. @hecurrent and voltage, the gas pressure and the
thermocouple readings were recorded with a liglatatbeoscillograph. A special sight port enabled
visual observation. The molybdenum used had aypofit99.96 % and the tungsten 99.95 %. The
samples were saturated with hydrogen in the ligstate, quenched, removed and immediately
analyzed for hydrogen by the method described above

The experiments yielded data on hydrogen solubititliquid tungsten and liquid molybdenum
near their melting temperatures. It was found, aynather things, that the dissolved hydrogen content
obeys Sieverts law, Fig. 20. At melting temperatamd a pressure of 0.1 MPa it equals 20 and 1°8 cm
per 100 g for molybdenum and tungsten respectively.

The Beryllium-Hydrogen System

The literature on hydrogen interactions with beuyfl mainly deals with hydride formation. Only
a few papers are available that address hydrogérbikty in beryllium [21, 22]. Notably, the
experimental data on solubility disagree in regerdooth the absolute values and the temperature
dependency pattern.

With this in mind, a task was set to investigatdrbgen solubility in solid and liquid beryllium
over the broadest possible ranges of temperatare@ssure.

Compacted beryllium produced by powder metallunggt having a void fraction of 0.5 % and a
purity of 99.97 % was used in the experimentatibhe experimental techniques were same as
described in the section on the Fe-H system.

Hydrogen solubility was found to increase with sesing temperature and pressure in alpha and
beta beryllium alike, see Fig. 22. In the pressargge studied it obeys Sieverts law. A jump in the
solubility is observed that corresponds todhef3 transformation, Fig. 23.

The temperature obx—[3 transformation was found to decrease markedly wiitreasing
hydrogen pressure, Fig. 23. Beryllium melting terapgre also decreases.
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Figure21. Influence of temperature and hydrogen pressuiigydrogen solubility in beryllium. 1: 1200
°C, 2: 1006C, 3: 8006C, 4: 606C, 400C.

Figure22. Hydrogen solubility in beryllium as a functiohtemperature for hydrogen pressures of 1.6
MPa (1) and 5 MPa (2).

Hydrogen solubility in liquid beryllium was only tegEmined for the vicinity of the melting
temperature at 12 MPa. The measurements revealeththsolid-liquid transition is accompanied by a
jump in hydrogen solubility, Fig. 22. From the d#tais obtained, a partial Be-H phase diagram was
determined that includes a gas-eutectic and ag@steid equilibrium, Fig. 24.
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Figure23. Beryllium transformation temperatures as fiomst of hydrogen pressure.
Figure24. Be-H phase diagram for hydrogen pressures GgvPa.

Conclusions

Summarizing previous findings and the informatidrained in our own studies lead to following
conclusions:

* The upper portion of phase diagrams for binary Hetdrogen systems in which the metals absorb
hydrogen endothermally at high temperatures displggs-eutectic equilibrium of the type
gas- liquid solution- solid solution.

* As an alloying element for iron base alloys, hy@rmogs similar to interstitials like carbon, nitrage
and boron in that it stabilizes austenite and nesrstability regions of alpha and delta ferrite.

» In all cases hydrogen lowers metal melting tempeestand also expands stability regions for those
polymorphic forms in which it is more soluble.

* The effect of hydrogen on transformation pointgignarily dependent on metal chemical nature
and normally is increased with increasing solupilit

» Consistent negative deviations from Sieverts law discovered at high hydrogen pressures,
indicating that hydrogen solubility in a crystalttiee is limited and ultimate-solubility phase
diagrams must exist for metal-hydrogen systems.
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