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ASTRONAUTICS 
M 

A errios of rxporbental pmgmm we= oarried out %o detonrin. the ru1tabULty 
and cseneitivlty of e m u  test teohniquo for tho dotormfnatlon of hydrogon 
anbrlttl.e#nt surrcaptibllitg of aurterials. A iimplo bond teeJt-was used 
to atudy the offoat of crhemioa). W i n g  aad oadmlurP plating on bgdrog8n 
ambrittlemmt of high strongth W ateel sheet, The bend toat oon81akd 
of loeding a coupon in t h o  form of a slorpder colr~n in comprssaion a t  a 
rwrio6 of fixsd bending epeds. 
o f  sola hefght a t  f'racturo and a l l  data were referred back to a bas. 1- - -,-"'t&)n -.- 

Bend duotl l i ty  vat3 erear3w.d as the drpresslon 

( ~ * ~ ~ r f ~ t ~ & )  cw c = n m i t g n ,  

Rosulta of the present etudy voro compared t o  tboso obtainod on the wmo 
heat of ate01 uhem hydrogon embrlttlsment W ~ E  dateminod by the use of 
notched r u p t u n  testa.  

Although t h o  aensltlvfty of this b e d  t ea t  tochnlque I s  not a8 high as 
that foupd for the notuhed rupturo test ,  it l e  qulte high and i s  muah 
better than any other typo of bend t e s t  employed to  dato. 
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Hy%rogan oan bavo ran advorsr effect OLL tho meahanicral propsrtise of tstoela, 
partiaularly high strongth strala, aome titanium alloy88 and to a leaser 
extont eomo o t h r r  forroue and nozplfomur alloys. The chief offoots CPTI 

a mark08 barease in dnc)rUity on alow lrtjrftinina and a propenalty toward 
dol0y.B failures under etatie loads won at stresses far b e l w  the y i e l d  
str8ngthO Dalapd static l o a d  service failures have boon reported i n  
p l a i n  oarboo 8t-l spring8 hoat treated to high atrsngth lmela and sub- 
~ q u e n Q  platod or piakled and in alloy steel airmaf't landing gear components 
heat troatod to  high strength and s u b ~ q u a n t l y  plated with uadmlm. 
other oxamplea aould be oitod, but these are adequately documontsd i n  tho i 
l iteratun (1,  2). I 

I 

In the past, aany t e s t  teahnlques have been usad t o  evaluate the hydrogen 
rrmbrittlomont ausaaptibiiitp of mtQrMs.  
employed divided into short and long duration tests is  given In Table 1. 

a8 a go - no go quality oontrol test of heat treated and elaatroplated 
steela, h s t  o f  these teste; houwer, m e  not adequate for a quantitative 
@valuation of the phenomonon, and in somo iaetancss they are not even 
qualitatively ade~WtO. Perhaper the regular tens i lo  test i s  typical in 
thla roapset. T h a t  all t e s t  toohniquss do not possess adoquate sensitivity 
f o r  detecting hydrogen embrlttlanmnt was shown i n  a recent program uarriod 
out by an ARTC project, U-95. Table 1 
w w A -  e ~ m p e w ~ d  by using tbo same heat of st002 emori$tisa t o  the  ~ m a  
extent (3). 

aab reprodwiblr. 

I 

~ 

I 

A l i s t  o f  some of the t e s t s  , 
I 

In general, th6se tes ts  hare been employed throughout the aircraft inaustry 

l 

I 

h s t  of the test trchnicuoa shown .---- 
O f  a l l  tost  techniques rvaluatrd, the sustained load notched 

tensile t e s t  (ambient temperature rupture t e a t )  vag the moat sonslt lrs  I 

It is a l e 0  the mst expenwire test teahnlqur, 

Unfortunately the t e a t  apecimenra employed i n  mat o f  the tests dLscaasad 
so 
are not suitable spclraen configurations for preparation from sheet material, 
O n l y  tho bend t e s t  and the notched rup tu re  test appaar suitable for test ing 
for hydrogen smbrittlment in sheet materialso 

, 

far have been machined f b m  relative3y large section alas material and 1 



interesting feature of the round nobchd rupture  t e s t  28 t h a t  by 
eonduoting tests a t  amugh strest3 laoe~s th+ lowor critical strmss (rtreaa 
belou u h l d  f&l.lWre do08 not occur) can be drtQrdned w i t h  a noteb of' given 
gmnrstry. 
0111 be obbabd by $his %@st tscrhnique. 
is alee a fuaotlon of notch geonetry it $8 difficult, ff not,hpoeefble, 
to  apply this data ta acttad. daaign, Furthermore, Itt appears, that a 
aonsiderable sle6unt of efforfi woad Bo nseessary before a fht notchard 
rupture teeb of bheet aodd  be ~ m v e d  aatiafactarp. 
just i f fablr  to examine other test mth9ds to determine their tauitabfli2y 
as rephaa~menta for the sustained lead notohed rupture t a e t  WMoh is stem 
cost* f a t e m  of both t h e  and equipment, The ideal f 9 6 t  tmhniqua should 
h e  
t o  z r ~  6f bydropn embrittlsmant at fa3.rI.y low letrrl8 of tsbrittllunent. 
Barid t o r t 8  68818 to satiafy all the above requirements, sxoept the h e t .  
B a d  teSt8, a8 they have been oarrid out 132 the past, have proven 80 
lnseneitAva t b t  t h e i r  ne. ssezmd highly undssirabls. 
to band test ing ua8 eenaaitod a few years ago by Saahe(4). 
9uAtsd to rshbet mtarIa.2 s l m e  it usee banding of thin stripe. Bmding of 
tho saragll. le performed as a f ree ancLlorsded oolursn at variow constanf 
at& ratea, Thla t e s t  permits accurato ~paasuremcbnt of the fracture 
strain over a uide range of embrlttlement o o a d i t h n a .  
aheracterlsed by 8 near4 linear increase fn strain w i t h  reduction in 
aoluam halght ond is, therofora, a constant straln rate tes t  ( 4 ,  5 ) .  
This 1s in aontrast t o  most bend t e s t s  uhfoh are cons tan t  bend radius tests,  

It appears, themform, tibat data of some quantitative sfplfWutca 
But shea ths h u e  m5fi@ 

marefore, I t  8pwm 

CZYf, s!lCrt i s  &==tz3n, zzii+5La32* tG she t  iiiutcriai, a d  oirnsifirr 

Bower,  a new apyroaeh 
It l e  Fd+ally 

T h i s  f e a t  1s further 

Became t h h  t e s t  technique prOQOd qufte suocessful In the studies carried 
out by Ssahs, i t  was dsoided t o  use it I n  studloe Imolving fydrotpn 
embrlttlemnt of materials introduced by the ahamlual lnulhg proccb~s. 
Nowevar, it was first necssssrj. t o  establish the s e n s l t ~ v i t y  of the tost 
and this is the subject of the premnt report, 

Oae material, AIS1 434D steel, y a p l  employed in the present program. 
two heats wore studied, 
for the study of charniaal railling and cadmium plating. 
i;tr4&o& 66 .xG, .OjO -6 .i%C gage sheet. 
of 4340 steel (Iiset No. 3350427) way obtained from the Boeing Airplane 
Co~pany and was supplird Q8 three inch square bar s t o a ,  
from the  ECL~M bar of 4340 steel t h a t  was used In the ARTC project 13-59 
alnmd at the atandsrdlsation of methods of t e s t ing  for hydrogen embrlttlement. 
The chemical anaLysls of both heats are given in Table 2. 

However, 
One heat (Heat NO. 7C-40) of material w s  F ~ . r ~ b s R d  

The raaterial was 
Material from a second heat 

This naterlal is 

, .  .... .,,, . --,e, 
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!be sanrplsr wore sheared oversioa and then ground t o  sb. t o  eliminate arq 
edgo rffects f r o m  shearing. 

, . .  

! - 
After the bend t e s t  ooupons were reachinad to sise they wure heat treated 
acoordfng W th6 schedules shown in Table 3. The resultant hardrielre and 
tsnsi3s pmperties are @en ia the 8am Table. The thermal traafmbnt 
used on bond samples obtained A.om Heat 3350427 differed ~ ~ Q F U  that mploysd 
on H e a t  7W.0, 
Heat 3350427, 

?bwdnese and tensile properties appeal: s l ightly higher in 
The heat treat uycla employed for E8ot 3 3 5 W 7  vas iss3ectQd 

t o  aorreapond t o  that used by the Boelng Alrplane C o w  an tb ARTC 
k*d&rp prograiil BG t:slt c , , j i&r i ; ;o t  Gf ttc beod test resiilts; zoae  k =de 
rbadi3y V i t h  the results obtained by the ARTC projaot. 

Cbemloal *milling uapl oarrid out in the laboratory using batha gen&rellg 
~lrnllar t o  those employed oorwLerciallp for the variow meterlala. 
steel ut36 chQmically milled in tho bath shown below at a tamperatwe of l4O0F. 

The 4340 

lics 0 15% by volums 
m03 " 1 3  
H3PO4 - 31 % 
H20 0 m 
Fe - 4 grw/Iitar 

A t  thie tamperatwe the bath mU1d a t  CL rate of about 1 aU/minute. 
mi l l ing  rats changed v i t h  the ago of the bath, but, in general, the change 
wad small. 
mUlhg rate decreased ba a faator of 10 peroent. 

Tha 

The m i l l i n g  bath war3 rephcsd with a new aolution when the 

The bend samples were ahernicaUy milled from one Bide only. 
accomplirhed by mskirrg one s ide  and the edges uith pres~ure seaalt%ve lead 

the brad teat ,  

This uas 

'tap.. The chemically milled surface W ~ B  then made tha, tension s lda  during 

A U .  bond samplea from Heat 7C-40 uera cadmium plated using the following, 
procedure I 

1. 
2. Vapor blast. 
3. 4 l k d i n e  clean, 
L. 

Pickle $n inhlbltsd hydrochloric .crib not longer than 10 dnutes. 

Acid d ip  in 10 percent hyckochlorie acid for 5 seconds, 
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The te8t  technique employed in this investigation I s  a i h e  and-loaded 
band t a r t  performed at a varfety of f ixed bending speeds, The t e s t  Is 
shown sohaaatiaally in Figure 2 and Is simply ci slender column loaded l a  
oompremion a8 one would squeooo a long thin 8WPh betweon tho j S W S  of 
a vieo. Photographs of' the agtual bend t e s t  machina are ahom l n  Fisgures 
3 and 4. Tho &tanor tho jaws aome togetha. bofore a orwk l a  obserr.8 
or the sampla coapletaly fmctuta8, whlchevrr occurs fbst, w86 used a8 
a 0 . 8 8 ~  of hydrcgea enbrittlamnt uhan compared t o  memhrittl.8 base 
metal bobmior under tho same testing conditions. Tho comparison m u s t  
be parformod on naterisls having tho etuna thlaknese in order to be 
coapletaly valid, 

Uhen tho samplo fiactwed oompletely and fell out o f  the jaus, the machlm 
stopped and t h o  h a d  depression utm recrordd nutomtic8llJ on a counter 
(8.0 Figurrs 3 and 4). If' cracking did not result in complete frscturta and 
the saJqiLa releahod io thojaus the head Uepression at the appearance of the 



CONVAIR ASTRONAUTICS i P REPORT 235 

- _. 
6 PAGE 

Te uospre the effaats of various t n a t n t s  on ~mtrjr la l8,  a barn u n e  
aonditlon was sstablfshed, 
an-hsat treated oonditlon was e8tablish.d as the barn llnd. 
valid a l l  further comparieom wen made t o  t h i s  bnsr line us- the 8ame 
Waknese of meterial, In order t o  in~06t%gat4 tbs effeat of ahemleal 
a i l l h g ,  then, meterial waa provided w i t h  thicknesses grsatar than the 
thltknesr of the base line material and uero tken abelraically milled to t& 
thiokness of the barss l ine  material. The inorrase fn thiokness asaoclated 
with cadmium plating was lainor and cornparisone were made botwsn 0.040 
gage plated and unplatod spoolnmns. 

In this intrastlgatlon tho bond d u e t l l i v  of the 
To be completely 

fn general, betwon three and fire eamplsa were run a t  emah tast ing speed. 
Tarts ware started immediately after ahomical mU1iag (vithln f ive  minutee) 
or after some fixed recovery tmatment. In the aaae of  ohsmlcally nilled 
sample6 the recwary treatment consisted of holding a t  room temperature 
for Pixed psrfoda of tho .  Unbaked cadrim plated samples uor6 teste& 
immediately e f t -  plat-, 
pla t iag  and t e e t i n g  vaa uarr1.d out a3 moa as possible  therdter. 

Baklng trsstmonts wera performod ehortly after 

Chemlaal a i l l i n g  was oarried out on Heat 7 C 4  t o  dstermhs I t a  eusceptibfflty 
to  bydrogen mnbrlttlmnent, Coupona from H e a t  335Q427 wry not ahemiaally 
ncL11.6. 
milled to 0.UO gage. 
0.020 h u h  netal ramVal. and 10 minute6 for 0.010 irwh laeta3 removal. The 
averago value8 of the bond duati l f ty  of tbe etoel tested insn.diately after 
ahamiaal rafl l iag a8 a function of testing 8pa.d are ehovn in Figure 5 .  

All data are  shown in Table Both 10 PlDB 20 m l l s  metal removal resulted 
in hydrogen embrittlszuont of the etrol. 
embrittlment vas found In samples that werr In the crhemical milling bath 
the longest tinu (Le.,  for thoee samples that had 20 &a of metal removed). 
The influsnoe of tes t ing  apead on tha bend duutl l l ty l a  somuhat unusualo 
Genarally, w a g o n  embrittlanant in 8b@el8 shows up more read- a t  low 

Both 0.060 gaga ard 0.050 gage, sheot Qat~bb y.f. ahamlcrally 
Thaa in the milling bath was about 25 minutw for  

As mlght be expeoted, more ~evera 



A 

and t e s t 4  t o  doteraino their auscrptibilfty t o  hydrogen ombrittlemnt, 
This phaarr of the atudy program we8 uarried out for tuo reamonat f i r a t ,  
to further domonatrate the 8anaitfrity of tha froo o~&loadod brad t e s t  for 

of bydrogon mbrittloment Fntrodaaed by tho two proaoaslng teohnlquoe - 
cbeneioal n i l l ing  a& cadmium plating, 

dOtWf- hp'drO@n ~ b r i t t l ~ O X l t ,  BeCOlid, t0 Wmpan the BwOrltr 

Tho bend dact l l l ty  sP tho plated sampler at3 Mlurno.8 by teating s p e d  is 
shown in Figtwo 7, Cata are presonted in Tablo 6. The plotted points are 
avorag. ralprs obtalnod f r o m  fin idontlcal tester. Uhare appropsiate tha 
rang@ abtakned f r o m  the CiVc t i s t s  i c  damn. The andmiam plated -1e8, 
as-platod, were soverely uebrittled by hydrogen a8 ov1denc.d by the vary 
lou bond duoti l f ty .  
l e  muoh greator than introdwod by ohemleal milling, won uhon 20 mils  of 
mddL were romovd (cromparr data i n  Figuro 6 to that of Irigura 5 ) .  

Tho soverity of the embrittlement introdwed by plating 

S a k b g  eadmiltm plated aaerplos 8 hours a t  375W markedly deareased the 
severity of the mnbrittlumnt of the aa-platod samplae. Houwer, some 
embrlttlrmmnt is evident ln the curtre shown i n  Figure 6 .  
rpldont at Zou teetirig spade  in terms of both tho leu bend duati l i ty  and 
the rather wid. rung9 of values obtained fioa f ivo  identical teats,  
tho e a t t o r  of data I s  high, there is no doubt that ombrittlonmt rKiats 
wan aftor baking 8 houre a t  3750F. 

It i a  eapeaially 

Although 

The eovrrity of tho ombrittlsmont found i n  t&e plated and baked samples 
rppesrs t o  bo similar  to that found ba 0hoIPIoaUy d l h d  srupples m o r  10 
U s  rata2 reasoval or aftor 20 apllar mew romal and a 4 hour recovery 
treatmsnt (oompsrs Figures I ,  5 and 6). Thus, it I s  apparent that tho 
severity of hydrogen embrtttlsment associatrd u i tb  oadmium plating is 
uomnlly higher than tbat a s s o ~ l a t o d  w i t h  chrmical mill ing,  wen ubn  hrga 
amounta of metal are remred. In addition, it ie nuah mom dif f ioul t  to 
rslls(ps the ombrittloment of  cadmium plated mater.iB1, 

Th. of fwte  of wdrmium plating and baking treatments mro studhd further 
using a mcond haat of 4340 s tea l  (Heat 3350427). 
Of U!lpbtOd, p h t a  a& piat- A - pw --a &-l - ,a  U P P S -  h--r~ ----- **nt - - - -  w g l e s  wis dotemined. 
Several baking parioda were unployed, 
The average mluss of bend duatl l l fy as a function of t e s t ing  speed arm 
plottad i n  Figure 8. 
tr ip l ieate  t e a t s  I s  shown. 

The band duatui ty  

h t a  are preeonted In Table 7, 

Idhere appropriate the range of values obtainod P r o m  

As expectod, the a-platod samples ehow a very high degree of hydrogen 
ambrlttlment. 
ratios lnvcatigated. 
took plaos; t l te mount af bending deareased a8 strain rate decreased as 
might be expected from the well B ~ Q M  effeot of strain ra te  on hydrogen 
cmua ---l-JAL1---=+ A L * u r u u u v  I-"-_ a*~m+.ihflitp,  --__ 

b shown l n  Figure 7, th i s  wae detecstablr a t  all the strain 
Only a small amount of banding oocurred before fracture 

&en the plated samples were baked for 
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Q ~ ~ ~ O U S  tlms, t h e  amount of hydrogen in the ~arn2las uaa docreaasd end the 
d e p o  of hjdrogon embrltflsment decreased correspondingly. This fs &OM 

In P i g m e  7, by the irusrease in the amount of bsnding 
batud asuaples before fraature. 
ductility tends to apprsseh that of the uppsrmodt o w e  which represents 
the non-mbritt1.d (no p l a t e )  aondition, 

Baking 4 hours a t  3'75'F roduosd the dagreo of anbrittlement el ightly,  
Havwer, oa lg  p o  samplaa were tested a t  ?ihe lower straln rates, 
8 house a t  375 F furthor reduced the embri%tlmtent af the plated aanrplaa, 
Only the tuo lower strain rates were investigated, bpt exnbrittlment la 
apparent at  both strain rates, It is mor@ readily detected a t  the Xovrst 
atraiil  :ate, &sn m,gr brr- 3 )  hotrts a t  375'P tho plated sa~npl~s ahow 

i n  bend duoti l i ty  betwoen the plated samples bakod 23 hour6 at  3 7 5 9  and 
the non-ombrittbd s8unploa show6 up h a t  at tho 1ovest f&r€t.b tato. "rho 
range of vqluoe obtained far the plated and baked samplais and tho MIL. 
smbrittloU scuapliea overlap at a l l  bat the lowest e t r a h  rat., In 6pitb of 
t h i s ,  the o w e  based on the average raluos fall6 below the unernbrittled 
o w e s  and is good widenos that some hydrogen ombrittlement remine. A t  
the louost strain rata tho range of values obtained in tripllaate teats do 
not svsrlap and a fatrly large differenao in average values exists.  Thus, 
thare i l a  cer ta in ly  som dagree of hydrogen wibrittlement rcmafnlng In 
sample$ W a d  as long as 23 hours at  375Q?, 

the plated and 
AB the baking time iooread th. bend 

Baking 

a smrU degree of susceptiblllty t o  hydroen embrlttlment. Th. diffsrenoo 

S o w  idea of the imtinwn ssnsitlvity of th io  type of bend t e a t  ban be 
obtainad by comparing the bend t s e t  results obtainod in the  present program 
to the results obtalnsd on round notched rupture t e s t s  carried out  on tho 
sapas heat of material by ARE projsat 13-59 ( 6 ) .  
load notcrhed rupture testa using a varliety of notch rad l l  are  presentad 

Aa e811 bo man, hydrogen mbrittlamnt vas readily detected i n  all te8t8. 
Houwer, Cha aenisltlvity ai the notched rupture t e a t  wae aonslderebly 
higher when sh-p notohes were employed. Aocording t o  these results wen 
after baking a t  375OP for a8 10118 8s 23 hours fairly severe embritt~sment 
ranmind ia the cadBlilue plated aam&3a. 

The reaulta of suataladl 

Az1 samples were cadmium plated and baked 23 houra a t  375OP, Flgmv 3,  

Tho bend teste a l s o  showed that embrlttlsrotmt rQmclined i n  oaaarium plntedo 
aamplss of the 

about at  the limit of the sensitivity of thka test  technique. Therefore, 
it appears that the xncudnw~ san6itlvity of th@ frssend-loaded bend t e a t  
ttmh~iqw Is considerably below that of the notched rupturrb test. Thia 
m y  not bt~ the ratual situation since another factor m u a t  be taken into 
acaount when these data am aompared. 
it ut38 necessary t o  maohine the bend test  croupone f r o m  the longitudinal 
direction of the original bar materw wherola the notched rupture coupom 
were obtehod from t h o  tranaeorso direction. In goneral, s t e d s  ahow a 
muah hi8her susceptibility t o  hydrogen erd~rlttlernent when tseted In the 

mne heat of 43@ s t e e l  baked aa long as 23 hours a t  375 F. 
nuwwrr, "------- A L -  wu U O Y I W Y I ~ ~  A-A--&d-.. -P +h4e r m h v 4 t . t l o m a n t  _ _ _ _ - _ _ _ _  diff icul t  and 18 just  

Beoauss of ample sir0 aonfdderatlon 
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tramverse dhrct lon than when tested in the longitudinal direation. 
Consequently, it is  reasonable to a8suID. that a higher degroe of hydrogen 
ambrlttlelrtent susceptibi l i ty  vodd bars heen found in plstmd and baked 
bend t e s t  coupons if they could h a d  bean prepared from the transverse 
bfrcction. 
initla1 oomPpaPisen of the two sets of data ind ioabs ,  

Thua, thla t s p s  of teat &E .ctua3ly more sens l ths  than tho 

4 

4 
T b  R b f i i w  ~f f i s t  tA-lnPdad bond t@& to detect hydrogen embritthmnt 
in c h d c a l l y  m f f l d  or u~dmium p l a t e d  0 4 0  6 t b O l  ahrot ne8 OOULA 

demonstrated. 
high RS that found for the notchmd rupture b e t ,  it i a  quite good and i a  
m u c h  better than ariy other type of bend t e a t  employed to data. 

Although the eensit iv l fy  of this * e t  technique 1s not 

The yosslbi l l ty  of wing thh3 test teohnique for qualitative or  semi- 
quantitative etudies involving the  influence of platfag variables, ahemical 
mlllfng rarbblas,  reeovsry trectmnts and other factor8 effecting hydrogen 
embrlttlement SWCep%%bu3ty has been adequstolg demonstrated l a  the vps~oua 
8 t u d h 3  oarrid out t o  date, 

h i 3  b ( l ~ 0 ~ 8  bdragen Qnnbrittlemn% 5.6 introduced I n t o  4340 steel f r o m  
chemical railling than Prom cadmium plating.  
consequrntly hydrogen .robrittloPext, is  more easily relsovd from ohomlcallg 
milled laekrbl. 

Furthemre, hydrogen, atad 

Baking treatments as long as 23 hours at 3’75’F did not completely eliminate 
hydrogun embritt3aanent f r o m  oadmium plated high strength 4340 etsel .  

I 

i 

I 
I 

I 
! 

~ 

I 

! 

I 
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