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FOREWORD

This report was prepared by The Boeing Aerospace Company, Seattle,
Washington, under Air Force Contract F33615;73-C-5120. “"Exploratory
 Development on Hydrogen Embrittlement of High-Strength Steels During
Machining". The contract was initiated by the Air Force Materials
 Laboratory under Project No. 7312, Task No. 731201. The project
scientist monitoring this program was Captain Phillip A. Parrish,

_ APML/LLP.

. This report covers work performed during the period of 1 April 1973
- through 30 June 1973 and was submitted by the author in July 1973. This
© report is also released ‘as Boeing Document D180-17582-1 for internal

- control at The Boeing Company.

- This program was conducted by the Research and Engineering Division of

" The Boeing Aerospace Company, Seattle, Washington, under the supervision

“of H. W, Klopfe&stein, Structures Research #nd Development Manager. The
Program Leader was Mr.‘G. E. Hughes, Supervisor, Materials and Processes

" Group and the Technical Leader was Dr. K. B, Das. Mr. J. F. Bruggeman,
from Manufacturing Technology group, monitored test specimen fabrication.

. Hyd;ogren analysis was conducted by K. R. Torluemke and the specimen
grinding was done by R. Gossett under the supervision of H. Hansen,.V.

Knott and R. Peterson.
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ABSTRACT

This experimental prograa Qas undertaken to investigate the possibility
of machining flu:da being a sdurce of hydrogen for a given strength
aerospace structur#l alloy. VUnexpected'catastrophic failure of high
strength steel structures can occur as a result of hydrogen cabrittlement

if the material abaorbs high levela <f hydrogen during fabric tion or

when the hgrdwar:jis in use. Test specimens made ofrAISI 4340 high

strength stesl (heat treated to 260,000 -'280,000 1b/in2 stfeng;h level)

of known hydrogen boncentratioﬁ vere subjected.to a Bpécified sthedbie‘of

'gentle and abusiva milling arid ozinding operations using differen: N

;machining fluids. Lollowing the machining cperatior the specimens.wgfe
analyzed for excess hydrogan abcve the base level with a Boeing developedA"
'1"Ultrssansit1ve Hydrogen Analysis System A total of six d;ffetent -
'»'mnchining fluids with diffarent sctive chemical vomponents were uaed 1n '
A'this studv Experiwencal results ;re presented wiah a atatis:icsl |

-Aanelysia of the Hydrogeﬂ congentration data. '
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1.0 INTRODUCTION

Hydroger as a causative agent in adversely affecting the mechanical prop-

"erties of high strengt’ aerospace structural materials, especially high

strength steels, is w21l knovnl. Stress corrosion cracking in titanium
and other transition metal alloys has been attributed to hydrogenz and
porosity in aluminum welds due to hydrcgen is well documented3. Once
hydrogen enters high strength steels these metals can lose their ductility
and depending on the level of hydrogen can suffer brittle failure when
subjected to stress. This much studied but still vaguely understood
process is known as "hydrogen embrittlement”. 1In some cases presence of
only trace amounts of hydrogen will greatly reduce the tolerable stress

" levels belcw those which a high strength steel structure is initially

designed to withstand, leading zt times to unexpected catastrophic fallure
as a result of hydrogen embrittlement. The exact concentration of hydro-
gen which may bte deleterious to the strength of a steel structure is not
clearly known, although the published litetatuxel suggests the amount to
be very small. Also described ia the litetature1 is the fact that the
resistance of statically loaded, hydrogen containing high strength steel
to delayed brittle failure decreases rapidly with increasing strength~
levelb after a iimiting value has been exceeded. The practical importance
of this phenomenon is vividly i1llustrated when ona looks at the ever
increasing demznd for steels of higher and higher strength levels for

welght saving in the aerospace industries.
2.0 CGENERAL BACKGROURD AND OBJECTIVE GF THE PROGRAM
Hydrogen may be absorbed by metals both during processing and when the

finished products are In use. Certain operations in the fabrication of
ferrous alloys which are particularly prome to the introduction of hydro-

‘gen include heat treatment, hot working, welding, chemical milling or

pickling, and electroplating. In general, any process producing atomic
hydrogen on the surface of a metal cun introduce hydrogen into the
metal. Some 15 years ago the hydrogea ewbrittlement phenumenon became

a matter of serious concern because of the increasing frequency of



of brittle failures of electroplated landing gears, cadmium plated steel
fasteners, and weaponry. This problem still exists today in spite of
improved quality control of fabrication operations. Comparatively little
work has been done in the domain of correlating hydtogen content to hydro-
gen embrittlemant, Very little is known about the relationship between
the distribution of hydrogen inside the metal and its embrittlement ,
behavicr. This is because of the technological difficulties in accutntely
measuring the hydrogen content in the low parts per million range. . .As a.
result of this peasurement problem industries have tried to identify and
eliminate all the possible sources of hydrogen in an attempt to reduce

_ the susceptibiiity to brittle failures of hardwares.,

The Boeing Aerospace Company's strong interest in maintaining adequate
cost affective hydrogen detection capability for controlling and further
studying this vital problem of hydrogen embrittlement has: been demon~ - :
strated by the continuation of development studies duringithezpﬁst‘sevetal
years. Such studies have led to the development of a unique "Ultrasensi-
tive Hydrogen Analysis System™ which can detect hydrogen concentrations

cf as low «u z few parts per billion in a carrier gas stream. High
detection sencitivity and the use of a unique calibration standard gives
accurate resuits in the low parts per million range for the{bﬁiﬁ‘hydrogen

analysis of a material.

Among the list of sources that have been identified machining quids

being a possible significant source (during a specific machining operetion)
is missing. For exampie, two of the most important functions of a
grinding fluid are cooling and lubrication. However, the heat generated
during a typical grinding operation could often be sufficient to break-
Pdown the hydrccarbon based grinding fluid tbereby providing a source of
nascent hydrogen on the grinding wheel-workpiece interface. fthe tneo;eti-
cal possibility of machining fluids us a hydrogen source, the.lack of
knowledge of dangerous hydrogen levels and the timely development of .the
uniquely sensitive and cost-effective Boeing's Hydrogen. Analysis System"

precipitated into this study program.



The objective of this study program was to determine if chemical reactions
with machining fluids during a preselected machining operztion can be a
significant source of entrapped hydrogen. Test specimens made of AISI
4340 hLigh strength steel (heat treated to 260,000 - 283,000 lb/in2
strength level) of knowa hydrogen concentratiocn were subjected to a.
specified schedule of gentle and sbusive milling and grinding cperations
nsing different machinirg fluids. Following machining the specimens were
analyzed for excess hydrcgen above the base level with the ultrasensitive
"Hydrogen Analysis System'. A total of three different oil base and
three water miscible ¢il emulsion machining fluids, composed of different
active cthemical components, wece used in thus study. FExperimental
results are prc.2onted with a statistical anzlysis o¢. the hydrogen con-
centration data.

3.0 EXPERIMENTAL

3.1 HYDROGEN ANALYSIS SYSTEM

A schematic of the hydrogen detector is shown in Figure 1. The
system essentisl’ - consists of an airtight specimen holder which is
placed inside the work coil of an induction heater for the =urpose :
of extracting hydrogen from the test specimen, a micro-quantitative . . !
gas metering system or MGM svstem, a semi-permeable membrane (from
here on referred to as SPM), a vac-ion pump, and a source of high
purity argon gas, Hydrogen present as water, organic material as
well as elementsal, is released from a metal by heating the metal.
The hydrogen thus liberated is directed towsrd the activated SPM -
by the flowing argon gas (carrier gas). The SPM lets only hydregen

permeate through it while remaining impermesble to other gases.

T T S L R

On the other side of the SPM is a continuously pumped high vacuum 3
chamber (ion-pump housing). Thus the SPM has a high vacuum on ore

side and about one .tmosphere pressure on the other.

PR IO R

The pressure in the ion-pump chamber is measured by monitoring the
lon-current through the pury. Once the chamber is pumped down to
its base vacuum, any permeation of hydrogen through the SFM will

L Fpr 8 "’ﬁiﬁ%ﬁ»ﬁ‘-ifﬂv‘;"":

e R .- .o o e St v . s
LIRS ST~ Tt 2y PRI S A s . .

o AN £ SRR R s R e

SE RS I IRUPNMPES |




A
i
_

ST TR R TR IR T A TR A T N R

HOL23130 NIZOHAAN 40 JLLVHIIHIS °1 847B14

SRS ST

w\&

M Orrnng | | maesas won .. 3N0S
| WNNOWA YOLVHINID Tsws
W HOHYULIR | | NIDOMUAH . NODHY
j

i | i
A iy c&o&ﬁ: _ : 4

i 013

¥IQHCOIM (o] pedany ONINOLLIGNGD yO193130

. TINNVHIZ 945 USBOIDAYY R ¢ TLER NIOOBAAH

E e |

¥3IMOd 4t -

3 AT bR IS SN IR ARSI S T T

g =




S gmEsses | o

result in an increase in the fon-current reading as seen by the ion-pump.
An increase in the ion-current reading is therefore directly proportional
to the amount of hydrogen in the carrier gas stream. Thus, 1if the detec-
tor readout is calibrated by introducing known amounts of hydrogen in the
vacuum system, thereby establishing a relationship between the concentre~
tion of hydrogen in the gas stream and the ion-current readings, one can
easily estimate the amount of hydrogen in the gas stream from an unknown
source. In the present case the detector is calibrated by introducing
known amounts of hydrogen in the vacuum chamber by the MGM system, and

a relationship is established between the concentration of hydrogen in
the gas stream and the ion-current readings. Such a calibration proce-
dure also provides a check for the iinearity of the detector and gives a
measure of its sensitivity. The sensitivity of the detector depends

upen the flow-rate of the carrier gas, and the temperature of the SPM.
Thus, in order to maintain the szame permeation efficiency for hydrogen
from the MGM system and the test specimen it is essential to keep these

parameters constant.

For bulk hydrogen analysis the experimental approach essentially consists
of extracting hydrogen from the test specimens using an induction furnace
and then measuring the amount of hydrogen thus extracted with the hydrogen
detector. Hydrogen, after permeating through the SPM, arrives in the
detector housing where it is detected by an appropriate sensing element
and an instantaneous electrical signal representative of the amount of
hydrogen present is recorded. In practice when the specimen is heated
the time for complete extraction of hydrogen depends upon the ratc at
which hydrogen diffuses out of the specimen. This rate of diffusion is
proportional to the temperature of the specimen and as such the time
required for complete extraction of hydrogen depends on how rapidly the
temperature of the specimen is raised. In the case of bulk hydrogen
analysis the Instantaneous hydrogen signal generally traces out a
Maxwellian type of curve representing complete extraction of hydrogen
from the test specimen. When this curve is integrated électronically

it results in an S-shaped curve giving a direct numerical value for the

area under the Maxwellian curve.
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The design of the asystem is such E%#t -not all the hydrogen directed towén%
the SPM goes through the detector. Eoreover, the diffusion of hydxogen

‘through SPM itself is a time depenaent srocess, When using an irdne*ion

furnace such factors are eliminated by following a special operating
technique. Here the sample is heated %o its melting point in a programhéd'
uanger and held at this temperature untii complete extraction of hydrogen
is accomplished. Both the instantaneoué aud integrated hydrogen sigﬁals
are recorded as a function of time, Foiicwing the hydrogen extraction,

at the same carrier yas flow -rate (dv/dt)An, a known amount of hydrogen-
is introduced into the gas stream from the MGM system for a precisely
known time at. The.MGH system consists of a pinched capillary- tubing -

with one of its ends connected to the carrier gas channel and the other

cdnéected to a high purity hydrogen bottle, a2 low pressure gas ragulator,.*-

and gas bleed-off syétem. By regulating thé'hydrogen -gas _pressure,

' varying amounts of bydrogen can be introduced inte the carrier. gas

stream. The rate of hyuregen gas fiow through -the pinched capillary-is

. dgtetmined by connecting it to a glass cgpillary tubing {of pr&gisely

known. dimensionsi containing a little slug‘éf mercury. Frdm the know-

ledge of the area Qf cross-section of the glass capillary and the time

taken for the mercury cvlumn to move a given distaace, the rate (dvldt)H
is computed. The: ratio of (dV/dt)H and (dV/dt)Ar then ‘gives a measure

‘of ppm of hvdtogen in the carrier gas stream. 1t should be noted that

(dv/dt)a~10cc / 1s,mmch smaller than (dV/dt)Ar=100cc/A' . Farther-
more, the p'oduut.of (dV/dt)H, At, and density of hydrogen ''p "H gives
the amount of hydrogen M, in grams, introduced into the gas stream in
time At. The units of the integrated signal is coulombs. Thus if the
integraced signal from the known hydrogen input Ml (grams) and the test .
sample is Ql and Q2 coulombs reSpectively,_the'ampqnt of hydrogen M2
(grams) from the—test-gample can be calculated from the-rglation Mz =

GRS

To further iliustrate the method of analysis an example of a (éartified)

'NBS§ aample is given here which had a known hydrugen cnncenttation of 32 + ; '

2 ppm, After pumping the detector housing down - to its base level a o
carrier gas flow-rate of 50 cc/min was . chosen for the axperimant.
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t:Thereafter, nydrugen was -xtracLed from the NBS sample by heating the

specimen In the induct;on furnace. The time for complete extraction from

~thi$.sampl -which weighed 0.1847 gms, was about 36 minutes, The inte~ =

gtated hydrqgen signal gave a value of }90400 microcoulombs. The*eafter,

- by appropriately reguiatxng the hydrogen gas prﬂssure on the MGM system

and maintaining the same carrier gas tlow—rate of 50 cefmin, hydrogen was
1ntroduced into the argon gas stream at the rate of 19.05 x 10 -3 cc/uin
for 4 0 minutes. In other worﬁs, in 4 minutes, 6,38 x 10 -6 grams of

.hydrogen was introduced into the gas - ;treamﬁ This gave an integrated

= hydrogen signal-nf 207000 microcOulombs., Using the relation

207000 x 1073 ccu1 _ 190400 x 107 coul
5.38 x 1078 - Xograms

or X= 5,89 x 10_6 grams,

Py .

- the total bulk hydrogen in the NBS sample was found to be 5.869 x 10 A
"grams. Dividing X by the weight of che sample gives the level of hydro~
. gen ih'ppm by weight which in this case was 31,78, This value, ag-can be

seen, is well within the unﬂertainty limits. of the NBS sample.

In the present program the test specimens were analyzed for hydregen coti-

tent in an identical manner as described above for the NBS apecimen. A
typical curve for the hydrogen analysis of a NBS standard cantaining B
215 + 6 ppm hydrogen is shown in Figure 2 Luring the course ot this:;f
experimental program certifieu NBS samples cantaiaing 32 + 2 ppm or 98 +
5 ppm of. hydregen wer» analvzad at a: schedule of one por week ta cross-
rheck ‘the. detector s performance and accuracy,,xﬁ : e '

A e R VR SO, .




HYDROGEN DETECTOR'S KESPONSE (A)

SIGNAL FROM SIGNAL FROM NGBS
HYDROGEN STANDARD CONTAINING
CENERATOR SYSTEM 215 +6 PPM HYDROGEN

TIME {MINUTES) ——=

Figure 2: KYOROGEI ANALYSIS OF NBS STANDARD NG. 354 CONTAINING 215 ¢ 6 PPM HYDROG e v



3.2

TECHNICAL APPROACH

The technical approach essentially consisted of subjecting test
specimens made out of AISI 434C high strength steel of known hydro-~
gen conceatration, to a spacified schedule of gentle and abusive
milling and grinding operations, using machining fluids of differ~
ent active chemical components (neutral; chlorinated and sul-
furized) typical of commercial fluids. The machined specimens were
then analyvzed for excess hydrogen with the ultrasensitive hydrogen
analysis system. The sequence of events is shown in the events

logic diagram, Figure 3.
Preparation of Base or Starting Material

The A1l31 4340 steel stock mar-rial (ordered per requirements of
AMS specification 6359A) was 3/8" thick and 6' x 6' in size.
Specimens for hvdrogen analyses were approximately cubical in shape
(1/4" x 1/4" x 1/4"). These dimensions were determined by furnace
allowances, such as diameter of the quartz tubing and work coil

requirements of the induction heater,

The base material was prenared by end milling the as-received sheet
stock material (prior to heat treatment) as per the schedule out-
lined in item A.1 of Table II. End milling was carried out to
reduce as-recelved wmaterfal thickness to about .030 in. over the
actual size of the final finished test specimens. The material in
this milled condition is referred as base material in the follow-
ing sections. Both sides of the specimens were machined. Final

thickness of all test specimens were 0.25 inches.
Hydrogen Anzlysis of Base Material

A three inch long and 1/4 inch wide section was obtained from the
base material prepavred in 3.2.1. Beth sides of this plece was
milled as per item A.l1 of Table II to its final thickness of 0.25".
This final milled piece was then heat treated by austenizing at
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1550°F for one (1) hour and oil quenching, followed by tempering
at 425°F for two (2) hours to obtain 260,000 - 286,000 lb/in2 ten-
sile strength condition,

Thereafter the sequence of events proceeded as follows:

a. Twelve (12) samples about 0.25" L x 0.25" W in size were cut
with a clean carbide blade. )

b. All the samples were then cleaned (soon after cutting the
specimen adequate time was given for cooling and the specimens
were always handled with forceps) as per cleaning procedure C1

shown below:

o Wash with acetone
o Wash with carbon tetrachloride

o Wash with pure Freon 113 (distilled and stored in steel

container)

c. After the above cleaning cycle, the specimens were thoroughly
dried and then weighed carefully. From here on, the samples
were always stored in a clean, dry dessicator.

d. The above set of twelve samples was then divided into two
batches of six each. One batch of six samples was annealed
at 1200°F for three hours in a vacuum furnace and furnace
cooled. The specimens were stored in a dessicator after the
heat treatment,

e. The remaining six unannealed samples were analyzed for hydrogen
concentration. A statistical analysis of the concentration data
was conducted to determine the standard deviation, and to express
the random variation from the average value at a 90% confidence
level.

f. The annealed specimens were then analyzed for hydrogen content

and the results expressed as in 3.2.2(e).

3.3 MACHINING FLUIDS

Six model machining fluids were chosen for this study program.
These represent the numerous and different machining fluids com~

monly used in machining. The compositions of these fluids are

provided in Table 1,

11
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3.4.1

They inciude:
o 011 Base Cutting Fluids

o Neutral
Il Chlorinated
o Sulfurized

o Soluble 01l Emulsions

o  Neutral
o Chlorinated
o Sulfurized

HYDROGEN ANALYSIS OF SPECIMENS SUBJECTED TO LOW STRESS GRINDING
OPERATICNS

For this phase of the study an appropriate section from the base
material (as prepared in item 3.2.1) was obtained which was suffi-
clent for preparing 72 samples of about 1/4" x 1/4" x 1/&4" in final
size. The cut section was heat treated as per procedure outlined
in 3.2.2. Subsequent to heat treatment, a batch of 72 samples was
prepared as per 3.3.2(a) through 3.2.2(c). After dividing the
samples into fwo batches (36 in each batch), one of the batches
was annealed at 1200°F for three hours as in 3.2.2(d). The other
portion of the base material was saved for abusive grinding study
(3.5). Thereafter the analysis proceeded as follows:

Unannealed Specimens

The samples were divided into groups of six each. A predetermined
amount of material was machined by the machining method detailed
under Sections A.2 and B (grinding after heat treatment and low
stress grinding conditions - final cuts) of Table 1I using one of
the prescribed machining fluids as described in 3.3. (Both sides
of the specimens were machined). After machining, all the speci-
mens were cleaned by the cleaning procedure C2 as shown below:

12



o Agltate specimen in naphtha for five minutes - drain.
o I@zmerse in boiling solution of alkalinc cleaner (5(00cc water +

32 g=s of KELITE 235) for 10 wuinutes.

o Rinse in hot distilled water.

o Successive’, run in distilled water until no residuz alkali is
detecred.

o Blow clean with filtered dry air.

a. Thereafter, three out of six specimens were analyzed for
hydrogen concentration. The remaining three specimens were
analyzed for hydrogen after following cleaning and storage
procedure C1 (see 3.2.2(b)). Such an analysis gave the
following information:

Amount of hydrogen introduced {if any) in 4340 steel having
4 known base level of hydrogen during a gentle machining
operation as described in Table II using a specific model
cachining fluid,

b. The above precedure (3.4.1(a)) was repeated with the remain-
ing five groups of specimens using the same machining
rechniques (Table IT:A(2) and (B)), using each of the other
machining fluids apecified in 3.3 and analyzing for hydro-

gen concentration.

3.4.2 Annealed Specimens

Annealing the cut samples at an elevated temperature in a

vacyum furnace should remove most of the hydrogen from the
specimens. Furthermore, the cutting operation leaves the speci-
mens in a highly stvessed state with a large density of disloca-
tions. A large density of dislocations implies an open structure.
Literature ahowss‘6 that such o specimen 1s liable to sbsorb more
hydrogen when subjected to hydrogen atmosphere than one which has
a nuch smaller density of dislocatlons or a relatively closed
structure. The above aunealing operation should therefore pro-
vide specimens with much smaller density of dislocations in their

starting material compared to their unannealed counterparts.

All the snnealed specimens were subjected tc a similar analysis as

outlined in 3.4.1.

13
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3.5

3.6

HYDROGEN ANALYSIS OF SPECIMENS SUBJECTED TO ABUSIVE GRINDING
OPERATIONS

From the remaining portion of base material used in 3.4 a batch of
72 samples was prepared as per 3.2.2(a) thru 3.2.2(c). Thereafter
the entire procedure as outlined in Section 3.4 was repeated using
the abusive machining technique described in Table III for each of
the prescribed model machining fluids as given in 3.3,

VACUUM ANNEALING, MILLING AND GRINDING OPERATIONS

Subsequent to milling the specimens were heat treated to 260,000 -
280,000 lb/in2 strength level and then divided into two batches.
One batch was annealed for 3 hours at 1200°F at a vacuum level of
1x 10—6 to 5 x IOT6 Torr and furnace cooled in a turbo-molecular
pumped, liquid nitrogen trapped Brew vacuum furnace. The samples
were marked U or A to identify their unannealed or annealed condi-
tion. All the specimens were then subjected to either gentle or
abusive grinding (using one of the machining fluids at a time) as
per the schedule outlined in Tables II and III prior to *he hydro-
gen analysis. As can be seen from the events logic diagram, Figure
3-3, a total of 24 specimens are required for hydrogen analysis for
each machining fluid. However, since the hydrogen analysis is a
destructive test additional samples are necessary at times to verify
a questlionable run. As such 8 additional samples (1 extra sample
for each set of 3) were prepared along with each batch of 24 so
that six reliable readings per sequence of low stress or abusive
srinding (with two different cleaning procedures) and unannealed

or annealed condition can be obtained for statistical analysis.
Soon after grinding, the low stress and abusively ground specimens
were transferred to appropriately marked containers which contained
a small amount of the same mixture of machining fluid as that used
during the grinding operation. After bringing the specimens

from the shop to the hydrogen lab the samples were immediately

14
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removed from the containers and transferred to a clean dry dessi-
cator for storage purposes. The samples were then analyzed for

the hydrogen content one at a time. The analysis time for one
ccmplete batch including the NBS sample and any additional required

for further verification was approximately onre week.

As stated in the proposal, because of the unavailability of the

called out grinding wheels the fbll:wing equivalents were used:

Proposed Wheel i Equivalent'Used
32 A46 G10 LV . AA 46 HBV 40
A 46 BV 7 A46535V 130

K 46 MV S DA 60 L 6V 1l

The surfece grinder used in this program had ‘a fifty gallon ofl .

" sump. - However, because of the unavatiabilltv of che righ* quantity.
 of aome of the maunining fluids, Five gallon tank fitted with a
pe*table punp wis uged with the surfaca grinder The fluid iuiec'

tion rate of the portable pump for s uqter soluble oil vas measured

te be. 1:82 gallons per ‘minute. {(For tha same fluid, the injectian

rate vas neasured to be 3.33 glllOnG per ainute uhen the pumping

:  aechtnism of . the surfnca grinder wag used. ) The type ‘and - sake

of ‘the. nnriace grirder and the pcrtable puup are as follavn

: ADaﬁértptth _ ';ﬂiggrle_Su:féﬁe Crinder _uushcr Coolant uAp
. Type or Nodel ~FPA 1053 - o

_Rulhunn 3hchingry Co.

‘Vater, Switserland Cincionati, Ghlo

A ééali viée moat ed on the grinding table gnn-ubeé tA'ho;d the

*specii!ﬂs ia plnc. Priot'tb nbudting'ina after grinding, the
spaeiuan« vere e.anined vith a uicrou‘tnr co doublecheck thalr

size and tolerances, Once the apoclutns vere uounted on the vtsc
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4.1

c mreme B e L

great care was exercised to assure that their surfaces were in one
Plane so that during grinding equal amounts are removed per pass
from each specimen. The surface grinder, portable nump, sample
mounting configuration, grinding wheel configuration and actual
grinding sequences with & directed flow of machining tluid ar~
showm in Figures 4, 5, 6, 7, 8 and 9, respectively.

4.0 EXPERIMENTAL RESULTS AND DISCUSSION
HYDROGEX ANALYSIS, HARDNESS AND MICROSTRUCTURE OF THE BASE MATERIAL

The hydrogen analysis of the base material from Batch #1 is sum-
marized in Table 4. The mean hydrogen coutert of six unannealed
and six annealed specimens (at 902 confidence level) was found to
be 1.49 + 0.15 and 0.98 + 0.20 ppm, respectively. Base specimens
consisting of six unannealed and six anuealed samples (Batch #2)
prepared from yet another section of the same sheet stock material
as Batch #1 gave a hydrogen content readirng of 3.06 + 0.73 and
3.50 + 0.60 ppm, respectively, as showm in Table 5. The high ran-
dom variation from the mean at 90X confidence level in the above
base material should not be considered as unusual. Also the wide
variation in the hydrogen readings in the two batches for the
respective unannealed or annealed coudition is not surprising as
in our own laboratories we have frequently observed guch variations
in the as received material where no specific attempt was made to

homogenize the hydrogen distribution.

After the heat treat operation the mean hardness and the corre-
sponding tensile strength of the milled surfaces for the unannealed

and anncaled specimens were as follows:

Specimen I.D. Herdness Tensile Strength, Ksi
Unannealed 51.18 266
Annealed 27.65 128

16
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4.2

The microstructure of these specimens was also examined. Photo-
alcrographs of the structures (at 100X and 500X) for the unannealed
and annealed specimens are shown in Figure 10. Both microstructures
show fairly comparable grain size. Presence of martensitic struc-

ture is also evident in these photomicrographs.

From the data given in Table 5 it can be seen that the hydrogen
content determinations of the base material are independent of

the two procedures used to clean the specimen surfaces., It should
be noted that the cleaning procedure C2 involves a high temperature
operation whereas C1 cleaning involves the use of degreasing sol-

vents at room temperature,.

HYDROGEN ANALYSIS, HARDNESS AND MICROSTRUCTURE OF MACHINED SPECIMENS

It is known that any process producing atomic hydrogen on the
surface of a metal can introduce hydrogen into the metal. Two of
the most important functiors of a grinding fluid are cooling and
lubrication. Cooling protects the abrasive wheel against soften-
ing of the bond between abrasive particles, against fracture of
the wheel by thermal stresses, and minimized dimensional varia-
tion of workpiece caused by thermsl effects, thereby stabilizing
the depth of cut. Lubrication reduces loading of the wheel face,
glazing of abrasive points, and friction between the wheel and
the workpilece. However, the heat generated during a typical
grinding operation is often sufficient to breakdown the hydro-
carbon based grinding fluid thereby providing n source of nascent
hydrogen on the grinding wheel-workplece interface. It has also
been reported that residual stresses induced in hardened steel

by grinding are influenced by the fluid employed as a result of
varying degree of plastic deformation seen by the ground surface.
This section describes the results of the experiments in which
three different oil base machining fluids and three water-miscible
oil emulsion machining fluids were employed to investigate the

23
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efficacy of grinding fluids on the introduction of hydrogen in
4340 high strength steel during low stress or abusive surface
grinding operations. The specimens were prepared and analyzed

as per the sequence outlined in sections 3.4 and 3.5.

The mean hardness and the corresponding tensile strength readings
of the low stress and abusively ground LSG or AG surfaces of

unannealed and annealed specimens are given below:

Specimen I.D. Hardness, RC Tensile Strength, Ksi
Unannealed - LSG 51.7 271
Unannealed - AG 52.4 277
Annealed - LSG 29.0 132
Annealed -~ AG 29.7 134

The machining fluid in the above case was sulfurized soluble oil.
The microstructure of these specimens were also examined. Photo-
micrographs of the structures (at 100X and 500X) for the unannealed

and annealed machined specimens are shown in Figures 11 and 12.

The results of the hydrogen analyses are described in Tables 6
through 29 along with a statistical analysis of the hydrogen
data. The tables are arranged in the exact sequence in which
the data was obtained. The last column in these tables gives a
measure of the excess hydrogen over the base level of the amount
of hydrogen pickup by the specimens during machining. The
negative readings in this column as seen in Tables 6, 7 and 8
imply that after machining the hydrogen levels in these speci-
mens were lower than the base material. This result was baf-
fling and quite unexpected. Without any further speculation as
to what could be happening in the case of chlorinated soluble
0il, the system variables were carefully and thorougly checked
and its performance was verified by analyzing a number of NBS

titanium (hydrogen) standards. The results of the NBS samples

were as follows:

25
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4.2.1

HYDROGEN ANALYSIS OF THE CERTIFIED NBS SPECIMENS BY
"HYDROGEN ANALYSIS SYSTEM"

CERTIFIED NBS CERTIFIED NBS

VALUE . VALUE
32 + 2 PPM 98 + 5 PPM

33.76 100.42
32.52 108.43
32.73 100.46
34.27 110.99
31.04 95.56
32.84
36.27
34.55

Having checked the system performance in the above manner the

rest of the samples machined with the chlorinated scluble oil were
analyzed. Furthermore, as a result of such negative readings the
total hydrogen value (base hydrogen + hydrogen introduced during
machining) was used for the entire set of test data to conduct

the statistfical analysis so that a meaningful relative comparison

of the test results from the different machining fluids could be

made.
Chlorinated Soluble 011 (XRJ47C)

The totai hydrogen content in this case was observed as follows

(see Tablies 6 thru 9):

. Mean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level
PPM PPM
Unannealed - 1SG 1.05 + 0.11 -0.44
Unannealed - AG 1.15 + 0.15 -0.35
Annealed - LSG 1.08 + 0.17 +0.10
Annealed - AG 1.25 + 0.25 +0.27
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Here the anaealgd condition appears to have slightly higher hydro-
gen content than the base level. Howwever, in the unannzaled con-
dition both for LSG and AG operations the readings were lower than
the base level. It iz interesting to note that nct one single
reading was above the base level in the unannealed case. The
annealed condition gave slightly higher readings but the increase
was not significant.

In order tc rsconfirm the above observations this series of experi-
ments was repeated once more. The results are described below
(see Tahles 30 through 33):

Mean Total Excess Hydrogen

Test Condition Hydrogen Content Qver Base Level
PPM PPM
Unannealed - LSG 4.93 + 0.76 1.87
Unannealed - AG 5.12 + 1.36 2.06
Annealed - LSG 3.80 + 0.74 0.30
Annealed - AG ' 4.70 + 0.69 1.20

In this series all the readings in the urannealed condition were
higher than the base level but the pattern was not definitive.
However, in the case of annealed conditfon a total of three
negative readings were observed, Also, from the above data one
would cenclude that more hydrogen is picked up by the unanncaled
specimen than their annealed counterpart because the unannealed
specimens have an open structure or a higher density of disloca-
tions than the annealed specimens. It will be seen in the follow-

ing sections that this observation was not consistent.

In the first set about 58% of the specimens had negative readings
whereas in the second set only 8% were below the base level. How-
ever, in these runs (Tables 8, 9 and 30 thru 33) there were also
quite a few other specimens which had a hydrogen content just
barely above the base level. Based on the random variation and
the uncertainty limits in the base level data (Tables 4 and 5)

it is difficult to attribute such small increases to the

29
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hydrogen pick-up duriug machining with this soluble cil. Out of
the entire s2t of 48 specimens only 43X were clearly above the
uncertainty limits of the base level signifying a positive pick-
up of hydrogen.

There were also occasicnal occurrences of abnormally high hydrogen
readings which sometimes spproached or went Leyond the solubility
lirit of hydrogen as known for such body centered cubic structures.
These readings are marked with asterisks in the Tables. It is
interesting to note that there was not one single abnormally high
reading in the data described in Tables 6 thru 13. This was first
noted whten the sulfurized soluble o0il series were run and continued
to show in the following series including the last run with the
chlorinated soluble oil. The origin of this abnormal behavior is
not known at this time. Since no such high readings are seen in the
base material it appears that this behavior has something to do
with the grinding cperation. Also the absence of euch readings

in the first two fluid series could be due to the wheel wear (the
experiment was started with brand new wheels). These are only
speculaticns and have to be provenr by svitably designed experiments.

In conclusion the following can be said about the specimens ground
with the chlorinated soluble oil:

a. Both in the wmannealed and annezled cases, specimens subjected
to AG operation have a higher total hydrogen content than their

regpective LSG counterparts.

b. The differences in the total hydrogen content of the unannealed
and annealed specimens appesr to be random. Thus from this
set of data it is difficult to conclude if wore hydrogen is
introduced in an open structure (unannealed) with a larger
dislocation density than in an annealed structure with relatively
lower density cf dislocations during grinding with chlorinated
solublz oil.
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4.2.2

e

c. Since this was the only fluid in the entire series of this

program which occasionally gave lower hydrogen readings after
grinding than the base level it is gpeculated that the solu-
tion chemistry could be responsible for this behavior. The
limited set of data in this prog;am is insufficient to draw
any firm conclusion in this regard. In order co erxplain the
above behavior suitable experiments should be designed to

answer the following questions:

1. Does this solution s2ct like or have a hydrogen inhibiting

agent?
2. TDoes this solution or some component of it tie up most
of the hydrogen introduced during gtinding in such &

manner as to retain most of 1/ close to the specimen sur~
face? If so, are we losing this excess hydrogen together

with some part of the base level during the C_ cleaning

2

rrocedure which involves a high temperature cleaning step?
3. Is there a critical ratio of this soluble oil snd water in

such grinding operations responsible for such abnormal

tehavinr?

Finally, 21f this water soluble machining fluid is indeed instru-
mental in introducing very little hydrogen or inhibits hydrogen

introduction in high strength steels during LSG and AG opera-
tions it should be considered as a significant finding.

Neutral Soluble 011 (XRJA7A)

The total hydrogen content in this case was observed as follows
{see Tables 10 through 13):

Mean Total Excess Hydrogen

Test Condition Hydrogen Content Over Base Level
PPM PPM
Unannealed - LSG 2,34 + 0.16 +0.85
Annealed -~ 1SG 2.71 4 0.32 +1.22
Annealed - AG 3.32 + 0.94 +Z.34

31



4.2.3

There were no abnormelities (such as negative or abnormally high
readings) observed in this case. Also from che point of view of
fractional random variation in the test data this was found to

be the best series in the entire ptoéram. As can be seen the
randcam variation at 902 confidence level was very close to the
variations observed in the base level. On a relative basis both
for L36 and AG conditions the hydrogen contents im the unannealed
specizens were lower than their amnealed counterparts. However,
both in the unannealed and annealed cases (H)Lsc was less than
(H)AG'

Sulfurized Soluble 0il (XRJ47B)

Among the scluble oil series this machining fluid showed the
highest pick up of hydrogen during the grinding operations. The
total hydrogen content in this case was as follows (see Tables

14 through 17):

Mean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level
PPM PPM
Unsnnealed ~ 1SG 5.50 + 2.29 +4.01
Unannealed - AG 4.27 + 1.89 +2.78
Annealed - LSG 4.11 + 1.82 +3.13
Annealed ~ AG 6.04 + 2.84 +5.06

Here the fractional random variation was found to be the highest
among the soluble 0il series. The data clearly shows that among
the soluble oils the sulfurized fluid is the one which easily
breaks down and introduces significant amount of hydrogen in the
test specimena. If the breakdown of water is the chief source
of hydrogen in soluble oils then the chemistry of neutral and
chlorinated fluids is such that they reduce this breakdowm or
tie up some of the hydrogen produced during grinding in some
chemical manner resulting in lower hydrogen levels in the test
specimens. This rsaction obviously does not exist in the case
of aulfurized soluble oil where high hydrogen levels are seen.
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5.2.4

4.2.5

However, on the contrary, if water is not the chief hydrogen
producing constituent then the different chemistry of the soluble

oils should be responsible for the observed differences.

Another interesting peint to note here is the variation in hydro-
gen levels in the unannealed and annealed specimens. As can be
seen above (H)) gy > M peyr Misoy > ®isear ®pey < M pea
and (H)LSGA < (H)AGA° The point of Interest is that the same
sequence of behavior is observed in the sulfurized oil base series.
Also; only two out of 25 specimene in the present case showed

gbnormally high readings.

Neutral 01l Base

The o0il base machining fluid was a mixture of Primol 205 and
Metholene 2202. The results of the hydrogen analysis are as
follows (see Tabies 18 thru 2i):

Mean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level
PPM PPM
Unannealed - 1.SG 4.06 + 0.78 +2.57
Unannealed - AG 5.04 + 1.74 +3.55
Annealed - LSG 6.59 + 2.13 +5.61
Annealed - AG 3.20 + 0.95 +2.31

Only three out of 28 specimens analyzed showed ezbnormally high
readings. Also compared to the neutral soiuble o041 the random
variation from the mean in the present case is considerably higher.
As can be seen, both in the unsnuenled oud annealed cases a signi-

ficant amcunt of hydrogen is introduced during low stress and

abusive grinding operations.

Chlorinated Oil Base

This machining fluid was a mixture of Chlorafin 40, Marcol 52,
Marcol 82 and Metholene 2202, The results of the hydrogen analysis
are as follows (see Tables 22 through 25):
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Mean Total Excess Hydrogen

Test Condition ilydrogen Content Over Base Level
PPM PFM
Unannealed - LSG 4.28 + 1.39 +2.79
Unannealed - AG 4.87 + 1.25 +2.38
Annealed - LSG 5.08 + 1.06 +4.10
Anneal.i ~ AG 5.04 + 1.05 +4.06

Only threa out of 27 specimens analyzed showed abmormally high
readings. It should be noted that both in the unannealed and
annealed cases the hydrogen readings for the LSG and AG conditions
are very closé and fairly high. Furthermore, it appears that the
chemistry of the fluid is such that even in the low stress grind-
ing condition it breaks down quite easily introducing as much
hydrogen as in the sbusive grinding operation.

Sulfurized 011 Base

In this case the machining fluid was a mixture of Mayco Base 1216,
Marcol 52 and Marcol 82. The results of the hydrogen analysis are
summarized below (see Tables 26 through 29):

Mean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level
PPM PPM
Unanneaied - LSG 5.35 +1.79 +3.86
Unannealed - AG 5.15 + 1.31 +3.66
Annealed - LSG 4.99 + 0.62 +4.01
Annealed - AG 6.00 + 1.39 +5.02

Only 4 out of 29 specimens analyzed here showed abnormally high
readings. Significant amount of hydrogen is introduced in the
unannealed and annealed speciaens in LSG and AG operations. It
may be coincidential but as said previously the trend of hydro-
gen pickup here is remarkably similar to that seen in the
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sulfurized soluble o1l case. Also as in the case of sulfurized
soluble o1l the random variation from the mean in the present
case is quitg high. Looking at the hydrogen levels it appears
that this fluid 1s also capable of breaking down quite easily in
the LSG and AG operations.

COMPARISON OF THE RESULTS OF WATER SOLUBLE OIL AND OIL BASE
MACHINING FLUIDS

Among the water soluble oils all the three fluids behaved dif-
ferently in as far as the hydrogen levels are concerned. The
chlorinated soluble oil showed signs of inhibiting the hydrogen
introduction and in cases where there was a positive contribution
the hydrogen levels were low. The neutral soluble oil did intro-
duce hydrogen but the range was between 1 to 2 ppm. The sulfurized
soluble oil was by far the easiest to breakdown during grinding
operations and here the hydrogen levels introduced were between

3 to 5 ppm.

Among the oil base fluids all the three fluids behaved in an
identical manner in as far as the hydrogen levels are concerned.
All the three fluids (neutral, chlorinated and sulfurized) were
able to breakdown during the grinding operations introducing
hydrogen levels in the range from 2,5 to 5.5 ppm.

From the statistical analysis of the test data we see that at

90% confidence level the maximum amount of hydiogen introduced

is between 5 to 6 ppm. Literature shows that the solubility limit
of hydrogen in becc iron is between 10 to 12 ppm. It is known

that for a given available charge of hydrogen, more hydrogen will
be absorbed in a plastically deformed structure than in its
unworked counterpart. However, the variations in the solubility
as Q function of the degree of plastic deformation is not clearly
known. With the exception of a few abnormally high readings we
have undoubtedly not reached the golubility limit in the machined

specimens. There is no question that some hydrogen was lost during
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the time lapse between the grinding and hydrogen analysis but it
is doubtful 1f chis could be as high zs 502, During grinding,
since hydrogen is introduced froa the surface imto the bulk of
the material, once the surface is saturated with ionic hydrogen
or prozons further introduction of protons would experience atrong
electrastatic repulsive forces. More hydrogen can be introduced
only wien this surface hydrogen content is changed. This can
explain the upper limit of 5 to & ppm of hydrogen pick-up for
the machined specimens. This limit may vary depending on the
degree of severity of the grinding operations and the ease of
breakdown of the machining fluid used.

COMPARISON OF THE RESULTS OF UNANNEALED AND ANNEALED SPECIMENS

With two exceptions in almost all other cases and for both water
soluble and oil base fluids a larger amount of hydrogen was intro-
duced into the annealed specimens than in their unannealed

counterparts.

It is well known that cold deformation gives rise to an increase
in the density of lattice imperfections and therefore, less
restricting positions are provided for occupancy of hydrogen
atoms6. Thus, when compared to the unprestrained steel, the
hydrogen solubility in the plastically deformed material is
increased, the interaction energy becomes less positive, the
entropy 18 increased or becomes more positive and the suscepti-
bility to hydrogen embrittlement Is reduced accordingly. Uhlig,
et 317 reported a marked enhancement of the resistance to crack-
ing of intensely cold worked and hydrogen charged specimens. The
specimens made of low carbon martensitic alloy containing 10 to
19 percent nickel were stressed parallel to the rolling direction.
The rapidly increasing failure times, measured by Bates8 on USS
18-2-2 austenitic steels with 10 to 20 percent cold reduction
produced after a heat treatment of 1800°F is also explained by
the same mechanism when discussed in view of a hydrogen induced
failure. The initial decrease in fracture time indicated that
the minimum degree of cold deformation must be greater than

36



SPGA2 OVRIR G P LR AT T AR T I R T RN, 1 VR RARREYARC S KA e LB AN e e o) R0 TR BT Anea s, R R A

0 percent, i.e., a uminum dagree of latcice comprassim is
required tc mke _this mechanism spplicable.

Let us look at the unannealed ami annealed -specimen stouctures in

- the pressat case in light of the above discussicn, These specinens - e
" were prepure& by ﬁ.rat cutting appmpriate sections from the as- : - :
7 x'eceived mterial, dlling them to proper size, hut tx:aating to

260-280 kei. atreagth level snd then annesling S0% of the total . ‘i

mmber of - apecinens at 1208'? for 3 hours io & vacuum furaace .
' Dﬂ.:rim the cut:ins tnd uilung opeut.tom ‘the apﬂcmns are cub- .
o E jected: ‘to severe coid vork. This ‘eold work had. uadmbtedly o o
.. increased tbe deaaity ‘of lattice iapcrfectione (disloccticns, o I , A
7 'vwm:;iea and inte:ﬁ:itials) in the naterial The' subleqmmt o R
' heat treatsent omatim which involves &mtenixs.ng at 1550°F for
one ’uw and oil quem:hing, followed br tcnpevins at 425°F for two.

PR IRY KR

- heuu vould e:ha.as& ‘the dat em: stmcture in the followina mner.
- Duving the &unzans,xiag ttu:nnt uhe excess suc&nciea tnd {atex-
‘ f‘.mitials (intwdua.ed by the cold werk) would go to. stuks, ‘the
_ 'dsaatty of dialacsumc would dccrmu but 1:; the on qmchiug
__"trg;tmnt & part of :be &umity of tu;miu ip thsm.! cquilﬁ»—

: s fims 18 1550°F would be qmmctad into- the htucc. UValese’ t!m
_queneh rate is very rq;id the higbly mbna uwci«s would cs:cn-
~tiowe to {oteract with sioke Jike dislocaticns (Shich way :haw-
_nlmz be. mhih) duriug chc mux pmcun of qumahina snd
- the Rtructire in.the final Btate i Jeft-with a cosplicated

a:nv af éhl&utim mwork. ' m ioz.wwin; teqmriu opontion :
ut i&&’r for mo hours’ Temoves the sxceas qmchuj-in vams.us . D
oo 'aad turtmm th& dislocaticn netvork 1n ) wore tubla confisuu—-' o . R
u '_»tiom . 'ﬂa &lﬁ%ity of dhlma:lma at th.a ’“tﬁ vccld be wuch V
R Amm thn after the &ttin. and umu operstim - Such &
< L o ‘f:tmmc i roterred heve s tlst mmalcd srate.’ ia;ea thi:" )
' - ,'s:mwﬂ s arraaled st 1200*F for. 3 hours and Iamce coahd_} o
the Mity of éhiﬂc&tim 13" ducreasad furthct. b1y otber«-
'~ml cmud ta m nmuhd the mmmlnd mcm voum
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have a more open structure. When these two structures are
subjected to the same charge of hydrogen the unannealed structure
should be able to accommodate or absorb more hydrogen atoms than
the annealed structure. In this program, as seen above, the
annealed specimens absorbed more hydrogen than their unannesled
counterparts when subjected to identical grinding operations.

It 1s assumed here, of course, that during the grinding opera-
tion the machining fluid breaks down in such a manner that it
provides both the U and A specimens to the same charge of hydro-
gen. However, surface hardness measurements showed that U were
barder than A specimens. Thus, during the grinding operation

one would expect the wheel to see a higher resistance to grind-
ing in the U case than in A and as a result more fluid breakdown
(higher hydrogen charge) would occur in the grinding of U speci-
mens, However, this argument does not support the present observa-
. tions. From the observed hydrogen data it appears that during
the grinding operations many more dislocations are introduced

in A specimens than U resulting in higher hydrogen content in A
specimens. In Uhlig's7 and Bates8 experiments the specimens were
first intensely cold worked and then subjected to hydrogen charge.
In the case of U and A specimens the hydrogen charge 1is taking
place concurrently along with the cold work during machining.
This could be a very significant difference. Also Bates has
reported that the initial decrease in fracture time occurs when

. the minimum degree of cold deformation is greater than 10 per-

cent. The folluwing questions immediately arise:

1. Instead of annealing the specimens at 1200°F for 3 hours if
the U specimens are severly cold worked and then compared with
unworked specimens (for hydrogen intake during grinding) would
(H)Cw be greater than (H)Uw?

2. Would the enhancement of the resistance to cracking for intensely
cold worked and hydrogen charged specimens be different from the
case where cold working and hydrogen charging is taking place
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concurrently or simultaneoualy? wbuld the 10X limit of minimum
degree of cold deformntion to observe the initial decress~ in
fracture time us teported by Batess huld good for the case

where hydrogen charge is taking place roncurrently with cold
work? '

3. Would the cras! oropagarion rate change as a result of how and
A when the hydrogen 13 chatgad (afcer coldwork or concurrently with
A cold work)? : . :
\

-4, Are freshly ete&ted dislocazions much more active in trapping
‘hydrogen atoms than thaae which ate alre:dy preaent in the
specimena? .

Answers to-these quanticns can have a signi‘icant ptnctical

importnnce in &8 far as the hydrogen induced damage during fabr1~

cation and seryice coudi:ions of a ha:&p;te is conce;nnd‘

s HYOROGES PICK-UP wmcw-r m-s.ss AD ABUSIVE GRUDING epmno:ss

. ”,Tha renulcc cle;rly show thnt all :hs aluhinins tluidn breakdcun durins
_ LuG aud AG opa:ntions introducing %vﬁrngen i tha- ateci sbtciaenx _tn b
che acjori:v of cnlen nbulive gtindins introduced 3 highst a:ount ol -
hydrogen thar lew scress ;tinding. This is expectnd because in abusiva i
_ grinding s lnrgtr amount of hydrogen 1s genersted aad the- caacinnn
‘j lurfanes are :ubjectad to a. higher 6&3:&0 of col& vork.

AJ'?dr the sake of discua;ian,'le:-us‘ASQune that Lﬁrﬁﬁé staxting't =
' -oterial just prior to grinding, the apeniuans have 'Y randnu
'dictribu:ion of hydrogen, Duxing :he grindxng optxation paxt uf ‘

) the kydro;en generated penstrates thu ground specinens. At the
_end of the zrindin: opcrutiou there. may be a eonconttntiou ;r:ﬁicnt '

o . - ef hydtogen from the ‘surfacs isto the bulk of the waterial.
k- . Tho there 1. a pcanibiiit? that & small percantage of asrfncn o
s 0 S - bouné o untrapped hydxn;un atoms residing in the close. p:uaintty of

'_fthe ;:ound surface may sscaps during the elapsed time bttunan :nchinin;




R
By -

e
A

!
!
i

and hydtogen analysis ‘and during the C, cléaning procedure. This could
explain the cases where (H)AG was legs than (H)LSG It is -assumed
here that the base level of the specimen in question are the same.

It is alsoc assumed that all the specimens subjected to. LSG are exposed

to an idential chearge of hydrogen. The same assumption 1s mnde for.

~ the AG case.

There is evidence in the 11terature1 that specimens containing hydrogen,-

introduced by any type of ‘charging procsuure lose hydrogen when stored
at room temperature. Tbe rate of hydrogen loss is determined by a
nﬁmbqr_of variables, particularly camposition, temperature, storage
time;'qnd to.a degrée. specimen size. It is understood he:é that A
hydrogen th;t;escapesris ftcé_té eécape. The data in thg.ptesént case
cléatly qhaqéd that even when the.apécimens wera inniyzediafter-a lapse
of two or three days the hydiogenlléVeis we:e.élose'toAthat seen'pn |
ihe'first day or 4 fow ﬂeufs afrey the griu&ing oﬁera*ion; In fact
nost of the free hydrogen which could escape would have eaéapad during -
the hot alkaline cleaning: proredute. '

11ublished lfte?:tvré°shcvs that in-tﬁe case of high strength steels

only 1 to 2 ppm of uydrogen may be- detrinental to their etrength and .

- eould cnuae hydrogen enbrittleuzn: fcilure. In tﬁe yteaanc case 1t 13

T seen that hydrogen levels betveen 1 to 5 ppw- are 1ntrodu¢ed during tha o

Vr”gtinding opcrutiun. Onn would ‘tend to believa that in the proaent '
?ccsa, uost 1f not nll che apecimens could be :uscey.ible to hydrosen
'eabrittleaant failure.: Testing for smbrittlemnnt ftiiure uzs of cout:e

beyond ‘the scope of this vork.but some 1n:¢resting and niguificant B
‘obnervations vere ande oo the hydrogen gvolution rate. during tha

"~hydxogen analyais uhich 1s the _subject of discussioa of the next

'_:sgcticn.; It lhould be noted that the hydrogan embrictlancu: '
'fiiiuréé refert ed in thg litaratura are a result of the anonnt' -
-of hydrogtn diotrihuced in the bulk or voiuae of :he gpecimen. During

mactiioing, hyﬁrogﬁu 4% 1ntroduced £rom the curf¢ma 1nto the bulk. cf

' the naterisl. - Thus tt is 1np0ttant to know vhethur most of tha hydrogen;
is rcsiding cloco to :ha surface or. 1t :h:ra is & concantxation grndient-
- fm the tutfaca tato’ the bulk of the nmm. This. would. iuve s
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4.6

bearing on the surface to volume ratio of the charged specimens. For
example, in the presence of a gradient, a specimen with a large sur-
face to vclume ratio will be more susceptible to hydrogen embrittlement

failure than one with a very small surface to volume ratio.

ESTIMATE CF SURFACE HYDROGEN CONTENT IN MACHINED SPECIMENS

The extremely high sensitivity and the fast detection response of the
hydrogen detector requires controlled extraction of hydrogen from the
test specimens. Complete extraction is accomplished by totally melting
the specimen. Increasing the specimen temperature rapidly to its melt-
ing point generally results in the swamping of the detector and in some
cases damages the metallic membrane, In cases where the hydrogen con-
tent is unknown a calibrated flow division is provided and the tempera-
ture of the specimen is raised to its melting point in two or three
steps. At low temperatures the surface hydrogen is given off and at
high temperatures hydrogen from the total volume or bulk of the speci-
men is extracted. When the surface hydrogen content is high the tempera-
ture is raised in three increments to the melting point of the specimens.
For samples with low surface hydrogen the temperature is raised in two
steps. Since the hydrogen extraction requires high temperatures the
surface hydrogen referred above also contains a certain unknown

percentage of fhe bulk hydrogen.

In the present series of experiments, since the determination of surface
contritution was not called for, the specimen ter rature was raised as
rapidly as possible (taking care not to swamp the detector) to its melting
point. However, a careful exzmination of the hydrogen analysis curves
revealed a very significant phenomenon. With the exception of a few
cases in nost instances two hydrogen peaks were observed. The first to
appear was the low temperature peak where most of the surface hydrogen
was given off. Following this, the high temperature peak was observed
where the bulk hydrogen was extracted. During surface grinding the
breakdown of the machining fluild introduces hydrogen into the specimens.
In the present investigation all the machining variables were held the
same for different machining fluids used. The purpose of this approach

was to measure the differences in hydrogen introduction (total hydrogen
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content) as a result of the breakdown of different machining fluids
during grinding. A fluid which can easily breakdown is liable to intro-
duce mecre hydrogen. larger the breakdown more severe the hydrogen
concentration gradient (from the surface into the bulk of the material)
.1is going tec be. Furthermore, higher hydrogen concentration on the surface
will provide a greater driving force for hydtrogen diffusion into the

bulk of the materizl. During low temperature hydrogen extraction a great
part of this surface hydrogen is given off but some fraction of this also
peénetrates into the material. If the specimen is held for prolonged time
at this low temperature some bulk hydrogen may also diffuse out. This
means that for accurate determination of surface contribution all the
specimens should have been taken to the same low temperature and held
the:se for equal lengths of time so that a meaningful relative comparison
could be made. However, for the present discussion a very rcugh estimate
of the surface hydrogen content was made for a few machined specimens,
Low stress grinding followed by C2 cleaning procedure was chosen for this
discussion. It was also assumed that zbout 20X of the volume hydrogen
content consisted of the surface part which was driven into the material

“during low temperature extraction. The results of such calculations

are given below:

Machining Fluid Average CSZ Average
= Surface H Contentzloo Total H Content
Total H Content PPM
ﬁater Soluble
Neutral 78.2 2.34
Sulfurized 55.8 5.5
Clorinated 38.4 4.93
0il Base
Neutral 49.9 4.06
Sulfurized 35.1 5.35
Chlorinated 44.5 4,28
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As can be seen, with the exception of neutral soluble oil in all other
cases between 35 to 55 percent of the total hydrogen (including the
base level) constituted the surface part. In the case of reutral
soluble oil about 78 per cent of the total came from the surface. The
mere fact that surface hydrogen can be extracted at low temperatures
implies that this hydrogen is relatively mobile and free to move around.
If such specimens are subjected to stress (soon after machining and
¢leaning but not subjected to baking) it is this hydrogen which is most
likely to migrate to high stress points leading to brittle failure.
There is considerable discussion in the literature with regard to the
role of locked-in and mobile hydrogen in the embrittlement initiation.
The time depemdency in sustained load testing and migration of hydrogen
to triaxiel stress points as proposed by Troianog (vhere it was shown
that crack growth i{s a discontinuous process) suggests diffusion

mechanism of free hydrogen.

The diffusion of free hydrogen to high stress points requires specimen
size consideraticns., In the present case the specimen size was
1/4"x1/4"x1/4" and the specimen wveight was about 2 grams. Let us con-
sider, for example, the case of a wedge opening loaded specimen made
out of 4340 steel and subjected to identical grinding conditions with
the same machining fluids as used in this study. The size of such
specimens is normally 3/4" W x 3/4" H x 2" L. The differences in the

geometrical size factors are given below:

Specimen Size Specimen Size
(174" x 1/4" x 1/4"™) (3/4" x 3/4" x 2™)
Surface Area of Ground 1/81n2 3 inz
faceas (2 taces)
Volume of the Specimen 1/64 in3 1-(1/8)in3
Surface to Volume Ratio 8/in. 2.67/1n.
Weight of the Specimen 2 gm 288 gm

For the sake of discussion let us assume that both these specimens have
the same level of base hydrogen. Consider the case of the 1/4" cube
vhere the total hydrogen content was 8 ppm (by weight) after grinding
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with a given machining fluid. This 18 equivalent to 16 x 10-6 grams

of hydrogen. In other words 128 x 10"6 grams of hydrogen will be
introduced for every square inch of surface subjected to the above
grinding operatfon. If the wedge opening loaded specimens are sub-
jected to the same process the amount of hyd}ogen introduced would be
484 x 10°° grams or approximately 1.66 ppm {by weight). Now suppose
one wants te measure the influence of this excess hydrogen (as intro-
duced during grinding) or the crack propagation rate in the wedge
opening loaded rotched s=pecimens. 1f hydrogen is influential in
affecting the crsck propagation rate, the free or mobile hydrogen will
have to mizrate to the crack zone when the specimen is loaded. We have
seen. gbove that a great percentage of this free hydrogen remains in the
close proximity cof the surface. Thus if the specimens are tested soon
after grinding and cleaning (without baking prior to tests) the free
hydrogen will have to migrate a great distance and because of stress
distribution may take a very long time to influence the crack

rate. Thus not seeing any change during the limited time of test-

ing one may conclude that such a fluid in the grinding operation

is not detrimental to the product or there is no concern for the
h}drogen induced damage. However, if the same specimen is baked

for a short pericd of time at a low temperature, part of the surface -~
hydrogen will escape and the remaining will diffuse into the material.
Testing of such taked specimens is more likely to show changes in

the crack propsgation rate because of the relatively shorter distances

that the hydroger atoms have to move.

The stress distribution in the wedged specimen is such that the crack
zone sees Che maximum stress and the outer surfaces of this specimen

is subjected to practically minimal stress. As such in the umbaked
machined specimens, where most of the hydrogenm is in the close vicinity
of the outer surfaces, chances are that there is a minioum amount of
stress induced migration of this hydrogen from the outer surface 1nto
the bulk of the material. However this situation will be totally
different in the case of notched tensile specimens. The géonetry of the
NTS specimens is such that under load the surface and volume both see
about the same stress levels., Thus if the NTS specimens are machined
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with the fluids used in this program it should be far more easier to
check for the hydrogen induced damage or their zusceptibility to
hydrogen embrittlement failures.

The above discussion is only speculative and should be investigated
with suitably designed experimen:s. Several assumptions were made
including the following: (a) same degree of machining is required in
the wedga =pecimens to remove the same amount of material as in 1/4"
cubes, (b) the baking temperature and times are such that a part of the
hydrogen escapes out and the remaining diffuses into the material to
points from vhere stress induced diffusion to the crack tip is possible,
{c) the amount of hydrogen introduced is directly proportional to the

. area of the machined surfaces and (d) free hydrogen is available which

can move under the application of externsl stress.

Some eight years ago Br:lttainm attempted to correlate the mobile hydrogen
content with the delayed faflure behavior of a steel alloy. He concluded
that it is not the total hydrogen obtained at high extraction temperature
which causes hydrogen embrittlement, but rather that portion extracted at
a temperature as low as 350°C (the mobile hydrogen). In Brittain's

work high strength steel specimens were cyanide cadmium plated, baked,
and the delayed brittle failure performance was investigated under
sustained loads. After removal of the cadmium plating, the "mobile
hydrogen" was determined on the ends of the broken notched tensile
specimens. It was assumed here that after plating and baking there was

a uniform distribution of hydrogen and a fraction of this hydrogen

was mobile or free to move. Apparently under the application of the
stress the mobile hydrogen migrates to high stress points resulting

in brittle failure. Very low (~.05 ppm) hydrogen contents were reported
ags being sufficient to induce hydrogen embrittlement.

It is emphasized that the embrittlement determining hydrogen concentra-
tion depends on numerous variables such as the composition of steel, its
hardness, the hydrogen solubility and diffusivity. Very little is known
about the relatrionship between the hydrogen distribution inside a metal
and its embrittlement behavior and the role of total and mobile hydrogen
in embrittlement injitiation is still open to discussion.
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5.0 CONCLUSIONS

The following conclusions are drawn from the test results described in

Section 4:

1.

Significant amounts of hydrogen was iﬁtroduced in 4340 high streagth
steel specimens (heat trested to 260,000 to 280,000 1b/in’ strength
level) during surface grinding operations as a result of the breakdown
of the machining fluids. With the exception of a few abnormally high
readings, the average upper limit of hydrogen content was 5.5 ppm in
the machined specimens. Such high hydrogen levels cen cause embrittle-
ment of these spécinens.

In general it was found that the degree of scatter or the random
variatioa in the test data increased with increasing hydregen content
in the ground specimens. Also from the present series of limited

data it is difficult to assess which series of machining fluids (water
scluble or cil base) is prone to introducing more hydrogen in ground
specixens. This conclusion is based on the following factors:

a) Unknown percentage of hydrogen lost during the C2 cleaning pro-
cedure which involves a high temperature operation.

b) Soluble fluids giving high surface hydrogen readings and oil base
fluids giving higher total hydrogen readings.

¢) Relatively high randomness or high degree of scatter observed in
the data of sulfurized water soluble and all the three oil base

fluids.

with the exception of a few cases, more hydrogen was introduced during

abusive grinding than in the low stress grinding of the specimens.

With the exception of a few cases, the hydrogen levels in annealed

specimens were either comparable to or slightly higher than the

unsnnealed specimens after machining. This can be dve to one or a z

combination of the following reasons: g
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2) A 3 hour anneal at 1200°F may not be enough to reduce the dislocation
density to a poiht whereusignificant differences in hydrogen
absorbtion during grinding could be seen between the annealed
and unannealed specimens, | '

b) There may be a critfcal level for the difference in the dislocation
density of unannealec and annealed specimens to support the hypothesis
that significantly more hyirogen can be absorbed in an open structure
in a given surface grinding operationm.

c¢) For a given charge of hydrogen on a specimen surface, more hydrogen
may be introduced in the case where hydrogen is charged concurrently
with plastic deformation than in the case where the specimens are
first cold-worked aad then charged with hydrogen.

Among the neutral, chlotinated and sulfurized scluble oils, the’sulfu;ized
fluid introduced the highest level of hydrogen. Clorinated fluid showed
some signs of inhibiting hydrogen introduction.

Among the neutral, chlorinated and sulfurized oil base fluids there
was not much difference between the hydrogen contents. All the -
three fluids introduced significant amounts of hydrogen.

On a relative basis both in the case of soluble. 9119 and oil base

fluids it appears that the sulfurized fluids introduced a hiéh amaunt
of hydrogen.

The operating procedure for the hydrogen exfraction'vas such thot ¢

was possible to get an estimate of surface or low témpetaﬁﬁxe'hydtdgem. _
This was not planned for in this'progtam but for the hié uésion pur- " "‘
poses an estimate of surface hydragen wag made for ail the fluids in

the cese ot unh*nealud specimens subjected to low stress grinding L
operation. It was found that in the case of neutral. soluble: oil- about A{T:;
78% of the total hyd?ogen extracted constiruted the aurfare part. o

Iu all other cases the surf.ce conttibmtion was between 35 to 552
of the total extracted,
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9.

10.

Based ou the surface analysis it is speculated that under the applica-
tion of a stress (for samples with large surface to volume ratio) the
relatively mobile~surfacé hydrogen can migrate ta.high stress pcints
thug initisting the enbrittlemﬂnt of ﬁhe tés: specimen.

The results of this program have given rise to several questioms as

* described in the text of this report. The snsvers to thess questions

can be obtained by suitably designing the test program. As cited by
varioua workers in this field and based ou the published dats on the
subject of hydrogen embrittlement, it is very ‘mportantAthat 4n order
to obtain'teliable::ésults the test instrument should be capable of

,ﬁaasuring low hydragan coatanzs with high asgeurgey. The uniQéz
features of the present analytical aystem has not only met this

requitemant successfully but is° capable of ptoviding ausvers to tha
queafi&as, whick have ‘cone up as & :eault sf this test program, in a8

7, co8t. effettiv& manne:.f
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€.0 RECOMMENDATIONS FOR FUTURE STUDY

The results of hydrogen analysis by themselves are of no practical importance
unless it i{s shown that when present in a given amount it can be detrimental

to the performance of a product. The critical amount of hydrogen which can
embrittle high strength steel structures ie not clearly known, although the
available data suggest the amount to be in the range of 1 to 2 ppm or less.

In the present program it has been shown that as much as 5 to 6 ppm of hydrogen
can be introduced in high strength steel specimens as a result of the breakdown
of the machining fluids during surface grinding operations. It is also showm
that a significant part of this hydrogen resides in the close vicinity of the
grouad surface. A follow-on to this program should be a atudy of the notched
tensile specimens under sustained loads. The tensile specimens should be
prepared by machining them with the same fluids as used in this program.
Thereafter, following the conventional sustained load testing procedures, the
specimens should bte tested for thelr susceptibility to hydrogen embrittlement
failure. The machined specimens should be tested under the following condi-
tions: (a) soon after machining and (b) after macliining and baking at a low
teﬁperatute for a predetermined length of time.

In the machined specimens a hydrogen concentration gradient may exist from
the surface into the bulk of the materizl. Existence of this concentration
gradient can be tested by using the laser-microprobe hydrogen analysis system.
The procedure will involve carefully sectioning the specimen after machining
and then measuring the hydrogen content by scanning the sectioned surface
with a .01l in. diameter laser beam using a CW high wattage laser source.

Published literature shows that under the application of an external stress
the mobile or free hydrogen moves to the high stress points thus initiating
embrittlement in 2 specimen. This implies that thz higher the available
mobile hydrogen content, more susceptible the material will be to embrittle-
ment fallure. In the present case of machined specimens, large amounts of
surface hydrogen was seen to evcolve at relatively low temperature which
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indicates that under the application of an external stress these specimens
can suffer embrittlement faflure. Exactly how much of this mobile hydrogen
is required to initiate the zmbrittlement is not known and should be investi-
gated. In general the effect of mobile hydrogen on the mechanical and
fracture properties of high strength structural materials requires attention
because under the application of an external stress it is this hydrogen
vhich is most likely to cause damage. Some data pertaining to the role of
wobile hydrogen can be easily obtained by machining the wedge opening loaded
specimens with the machining fluids used in the present program. Subsequent
to machining a few specimens should be baked at a low temperature for a short
interval of time. The differences in the crack propagation rate in the baked
and unbaked wedged specimens should provide some insight into the role of
mobile hydrogen. The notched temgile testing experiments as described in

the first paragraph of this section should also provide iunformation concern-

‘ing the mobile hydrogen. It should be noted that under load, the stresses as

seen by the gurface and internal volume are quite different in the case of
a wedged specimen. Whereas, in the case of a loaded NTS specimen the surface
and internal volume see almost identical stress levels.

In fact, a slightly modified version of the above experiments should be able
to provide extremely useful information with regard to the stress induced
and thermally activated diffusivity of hydrogen. For example, suppose a
KIS specimen is machined with either water aoluble or oil base sulfurized

'fluid. For the sake of discussion let us assume that all the specimens

machined in an idertical manner sbsorb the same amount of hydrogen. When
such specimens are loaded for a predetermined length of time, the hydrogen
introduced during machining should migrate to the notch area. Thus 2
measure of the hydrogen content soon after machining and after machining
and loading should give an estimate of the stress induced migration of
hydrogen into the notch area. Varying the stress level should give a
relation between the‘applied load and the hydrogen concentration in the
notch area. In a subsequent experiment similarly machined NTS specimens
should be loaded at a given stress level for the same length of time as
above. However, in this case under a constant load different specimens
should be subjiected to different levels of temperature and then analyzed
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for hydrogen cortent. This would give = relationship between the
therrmally activated hydrogen content that has diffused into the notch

zone (under a given constant load) and the operating temperature.

In summary, it is emphasized that the embrittlement determining hydrogen
concentration in steel depends on numerous variables. Among them the
composition of steel, its hardnees, the internal structure (variations

in line and point defects), the hydrogen sciubility and hydrogen dif-
fusivity are considered to be primary varisbles. In spite of an enormous
amount of research in this area very little is known about the relationship
between the distribution of hydrogen inside the metal and its embrittlement
behavior. All that is known for certain is that the presence of excessive
amounts of hydrogen will make high strength steel structures susceptible
to brittle failure. Vhile we are still trying to understand the basic
mechanism of hydrogen embrittlement, we should continue to study the
behavicr of such materials undesr practical considerations of fabrication
and service variables. The experiments described in this section do take
into account some of the fabrication and service variables. As a practical
application, the results of suchk studies should contribute directly to the
improvement of :be integrity and reliability of hardware.
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TAPLE 2. LOW STRESS GRINDING

A. Preliminary Preparations

1. End Milling - to be carried out priér to heat treatment

Cutter diameter, in. 4

Tool material {370) Carbide
Feed, in/tooth .005

Cutting speed, ft/min. 200

Tool wear (max.) .010

Cutter Six teeth
Fluid Dry

End milling carried out to reduce specimen thickness to about .030 in.
oversize.

2. Grinding - After Heat Treatment

Grinding wheel (32A46G10LV*) AA4L6HBV4AO
Wheel speed, ft/min. 3100 {825RPM)
Depth of grind, in. .020
First .018 in. at .0005 in/pass.
Dowmfeed, in/pass. Second .0008 in. at .0004 in/pass.
Last .0012 {n. at .0002 in/pass.
Crossfeed, in/pass. .050
Table speed, ft/min. 40
Fluid One of prescribed machining

fluids in Table 1
Grinding carried out to .010 in. oversize in thickness.

B. Low Stress Grinding Conditions - Final Cuts

Grinding wheel (A46HV*) A46535V30
Wheel speed, ft/min. 2000 (540RPM)
Table speed, ft/min. 40
Depth of grind, in. .010
First .0080 in. at .0005 in/pass.
Downfeed Second .0008 in. at ,0005 in/pass.
Last .0012 in. at .0002 in/pass.
Wheel dressing 5 traverses at .00l in.

removal per traverse
2 sparkouts

Diamond traverse rate (in/sec.) 1/7
Crossfeed, in/pass. .050
Fluid Same as in A.2 (preliminary

grinding)

*Not available. An equivalent grinding wheel was used.
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TABLE 3., ABUSIVE GRINDING

A, Preliminary Preparations
Same as those outlined in A.l and A.2 of Tadle II.

B. Abusive Grinding Conditicus ~ Final Cuts

Grinding wheal (A46MV*) DAGOGVLL -
Wheel speed, ft/min. 6000 (1625 RPM) :
Table speed, ft/min. ' 40 :
Depth of gzind, in, .010 ;

Downfeed, in/pass. .002 B _ i

Wheel Dressing: A : _ :
5 traverses at .00l in. removal per transverse - ;
2 traverses at .0005 in. removal per traverce ;
5 traverses at .0002 in. removal per traverse

4 sparkonuts |
Diamond traverse rate, in/sec. 1/21
Crossfeed, in/pass 050
Fluid Same fluid used in preliminary
: grinding

*Not available. An equiba?ent grinding wheel was used.
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