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                           1. IRtreductieR

   Metals and alloys for eRgineering service are in general polycrystalline

aggregates. However, at room temperature since the slip plaRes are generally

weaker than the grain boundaries, the streRgth is determined only by the grain

strength. On the other hand, the strength at elevated temperature, especially

creep rupture strength, becomes very dependent on both grain andgrain bound-

ary strengths because the grain boundary strength decreases more rapidly than

the grain strength as temperature increases. IR this respect, the effect of grain

strength on the creep rupture has been already reportedi)N4), showing the

relationship between creep rupture time tr and minimum creep rate trm, or

trocEint Tlais relationship indicates that the strengthening of grains contributes

to the iRcrease in the creep rupture strengh since L""t decreases wkh the

strength since 5-}n decreases with the strength of grains. Several papers5)A"9)

have also shown tltat the creep rupture strength was increased by the

strengthening of grain boundaries due to irregular coarse precipitates formed

on them. In these studies, however, the combined effect o£ these two strengths

on the creep rupture strength was not apparent.

   This paper presents the effects of both grain and grain boundary strengehs

on the creep rupture strength of austenieic heat resisting stee!s and shows the

effective methods to improve tke creep rupture strength by strengthening both

grains and grain boundaries, respectively.

                2. Materials and Experimental Procedures

   Chemical compositioRs of specimens used in this experiment are shown in

Table 1. 21-12 N and CRK 22 steels are both austenitic heat resisting steels and

can also be age-hardend by M2eC6 c,arb!des. Both steels were solution-treated at

12000C for 1 hr so that age hardening components cottld be in complete solution

in matrix. To obtain a wide range of grain strengths, aging treatment condi-
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Table 1. Chemical
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compositions of speclmens (Wt. %)

No. 35

Steel

CRK22

21-12N

c si Mn P Ni Cr Mo N Others Fe

O. 31

O. 19

O. 37

O. 72

O. 96

1. 16

O. 20

O. 03

10. 51 19. 55

10. 42 21. 72

1. 98

O. 23

Cu O.7
B O. O05

bal.

bal.

tions were ckanged, in particular to 21-12N steel cold working was added before

aging treatment. Fttrthermore different cooling procedures from solution tern-

perature were employed to give various grain boundary strengths to spe.cimens.

    Hardness was measured at room temperature by Akashi Vickers kardness

tester, and the c.reep rupture test was carried out at 7000C with Tohshin spring

type multi creep rupture tester. The size of the,creep rupture specimen was

6di×30 G. L.
 j
   Specimens for metallographic examination were finally polished with most

fine gamma alumina powder. The etchant was a mixture of HN03, HCI and

glycerine with mixing ratio of 1:2:2 by volume. The observation of microstruc-

tures was mainly carried out with a optical microscope.

                   '

                        3. Experimental Results

3.1 Grain and grain boundary strengths of specimens

   It was experimentally skowniO)ii) that the grain strength or O.2 percent

proof stress was proportional to the hardness at room temperature, and so at
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elevated temperatures. Therefore it is apparent that relative grain strengths at

high temperatures can be fully expressed by the kardness at room temperature.

Fig. 1 shows the relation between O. 2 percent proof stress and Vickers hardness

of 21-12N and CRK22 steels obtained ln this experiment.

   For grain boundary strengths, lt has already been reported5)-v9) that varia-

tion in grain boundary strength was attained by various .cooling procedures. It

was found that irregular coarse precipitates formed on grain bottndaries during

slow cooling from solution temperatures resulted in the streRgthenlng of grain

boundaries, and that the more and the coarser the precipitates are, the stronger

the grain boundaries become. In this investigation too, similar procedures for

obtaining various grain boundary strengths, namely water quenching, air cool-

ing, and furnace cooling were used, especially to CRK22 steel two step cooling

procedure was added. This procedure is to quench specimens to room tempera-

ture after furnace cooling from solution temperature to a relatively high tem-

perature range, by which the same level of the grain boundary strength as

furnace cooling can be reached.

   From the results obtained by the observation of microstructures, the grain

boundary strengths agb of the specimens cooled various procedures were relatively

given by in 21-12N,

                        (agb) pvQ fU (agb)Ac<(ggb)Fc, (1)

where WQ, AC and FC indicate water quenching, alr cooling and furna.ce

cooling, respectively. In CRK22 steel, however, even air cooling produced

partly irregttlar and coarse precipitates, so the order of grain boundary strengths

became

                    (agb)wQ<(agb)Ac<(agb)Fc SS (agb>FQ, (2)

where FQ indicates two step cooling procedure. It is considered that the grain

boundary strength increases with increasing surface energy of a crack formed

on the boundaries, r, because initiation and propagation of the cra.ck are so

suppressed as r becomes higher. Therefore it is supposed that rcan be used asa

measure of agb. Then the following expressions hold from (1) and (2).

                         rwQ fU rAc<rFc, in 21-12N (3)

                         rwQ<rAc<rFcfSrFQ. in CRK22 (4)

    On the basis of above considerations, solution treatments followed by various

cooling procedures and aging treatments were performed for obtaining various

grain and grain boundary strengths, and hardness was measured at room tem-
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Tab]e 2. Hardness values after varlous heat treatments

Steel

21-12N

Heat treatment*

12ooo c × lhr

12ooo c × lhr

12ooo c × lhr

-wQ +6ooo c × loohr

-.wQ+sooocx 3hr
--+AC

.AC
-AC

CRK22

i

E
[

12000 C × lhy

12000 C × lhr

12ooo c × lhr

12000 C × lhr

.WQ +600o c ×

-WQ÷800oc ×
.WQ H- 9ooec ×

--.WQ +1000o c ×

loohr

 lhr

 lhr
 lhr

->AC
--FAC

--.AC
-AC

12eOo c × lhr

12ooo c × lhr

1200Q c × lhr

l2000 C × lhr

--.Ac+6eeoc×
-AC÷8000c×
-AC+9000c×
->AC+1000oc×

100hr

 lhr
 lhr
 lhr

.AC
-AC
-AC
-AC

12000 C × lhr

l2000 C × lhr

1200e C × lhr

12ooo c × lhr

1200e c × lhr

.FC+6000Cx
-FC -}- 7000c ×

-,FC÷8500c×

-FC÷9000c×
-.Fc+loooec×

200hr

 30hr

 5hr
 3hr
 3hr

--.AC
-AC
--.AC
.AC
-.AC

Hardness
(Hv: 20kg)

263

229

221

380

345

329

288

382

349

320

293

308

278

260

247

242

* Heat treatments shown above include the final agmbcr treatment of 7500 C, 100hr.

Table 3. Aged hardness of cold-worked specimens of 21-12N steel.

Cooling

procedure

Water-

quenched

Furnace-

cooled

Extent of

ln tenslon

cold working

     (%)

2

5

10

20

2

5

10

20

Aging time (hr)

o 3 10 30 100 300

226

250

280

326

229

257

280

332

244

274

302

325

263

28e

295

323

260

273

292

312

262

277

291

315

220

240

277

320

217

235

264

300

221

241

270

302

230

253

285

302

233

250

273

292

237

254

27!

297

Solution treatment : l2oooc × lhr (Hv: 20kg)

perature. The results are shown in Table 2. Since the same hardness level as

water-quenched could not be obtained in furnace-cooled specimens of 21-12N

steel, the specimens were cold-worked after solution treatment and aged. The

results are shown in Table 3, which indicated that the hardness of furnace-

cooled specimens approached nearly to that of water-quenched.
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Table 4. Creep rupture tirae

M. KoBAYASHI

tested at 7000C, 17kg/mm2 of 2!-12N steel

No. 35

Cooling
procedure

Water-
quenched*

Furnace-
cooled*

Number of

speclmen

 10
 12
 16
 17

  4
  5
 22
 23
N2e

  8
  9
 13
 14
  2
  3
 20
 21

N26

 Extent of
cold worl<ing
 ln tenslon
     (%)

 1.9

 1.9

 5. 2

 5. 1

11.0

11. 1

19. 7

19. 9

o. o

 2. 7

 1.8

 5. 3

 5. 3

10. 8

10. 0

20. 1

20. 2

 o. o

Rupture
time (hr)

 83. 0

 70. 3

40. 0

72. 5

 49. 0

 52. 0

 52. 0

47. 0

lo2. e

288. 5

292. 0

301. 5

308. 0

351. 0

367. 0

243. 5

290. 0

320. 0

Rupture
elongation

    (%)

O. 34

O. 48

O. 55

e. 18

O. 20

O. 27

O. 26

O. 19

4. 55

 3. I8

 3. 15

 2. 23

 2. 42

 1. 79

O. 44

O. 94

O. 73

12. 77

Hardness (Hv:20kg)

Before test

262

262

280

280

295

295

320

320

234

236

229

256

256

286

285

302

303

202

After test

257

260

265

270

282

272

305

306

238

238

223

242

239

230

250

264

273

218

     * All specimens were solution-heated and cold-worked followed by aging of

      7000C, 30hr before rupture test

    On these specimens the creep rupture test was carried out at 7000C.

3.2 Creep rupture test of 21-12N steel

    Effect of grain strength on the creep rupture time fo 21-12N steel are shown

in Fig. 2. Since specimens used were heat-treated as shown in Table 2, these

grain boundary strengths are almost eqttal. Each point in this figure indicates

the relationship between the hardness before test and the creep rupture time,

and the head of arrows shows the hardness after test. Therefore the solid line

shows the relation between the hardness before test and the creep rupture time,

the dotted line showing the case of the mean hardness before and after tests.

However any distinct difference could not be found between both relationships.

Then it can be said from Fig. 2 that the increase in the grain strength can not

always lead to the increase in the creep rupture strength. But it is likely that

the data of the test is not suMcient to determine the quantitative relationship

between the grain strength and the creep rupture time.

   Table 4 and Fig. 3 show the results of 7000C creep rupture test of specirnens
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cold-worked after solution treatment followed by aging of 700 OC, 30hr. The

stress was 17kglmm2. Tlte remarkable effect of grain boundary strengths is seen

in Fig. 3, while the effect of grain strengths was not vtrell known since change

in hardness dur･ing test was quite large.

3.3 Creep rupture test of CRK22 steel

   The results of creep rupture test at 7000C, 301<glmm2 are shown in Fig. 4.

The specimens were heat-treated as indicated in Table 2. In addition, two step

cooling procedure was employed to give specimens, which have the same grain

boundary strength as furnace-cooled specimens, the aged hardness of about Hv

350. The arrows show the sarne as in 21-12N steel.

   The most characteristic point in this figure was that the effect of grain

boundary strength did not appear at lower hardness, but the remarkable effect

yielded at higher hardness region. Further, the rupture time of water-quenched

specimens increased linearly to the hardness of Hv 310, but decreased xNrith

hardness over Hv 310. For air-cooled spec,imens, the rupture time increased
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also to around Hv 330, but there was a gradual decrease in the rupture tirne

over Hv 330. The linear relationship of the rupture time and the hardness

under the conditions employed here only existed in furnace-cooled, and two

step-cooled specimens, which had the strongest grain boundary strength. If

the hardness higher thaR Hv 350 were obtaiRed in two step-.cooled specimens,

the same tendency as in the water-quenched or the air-cooled specimens would

appeared there.

   It is therefore said that the hardness at which tke rupture time begins to

decrease becomes higher as the grain boundary strength increases. Since large

changes in hardness and grain boundary strength were Rot found during the test,

the following relationship between creep rupture time and hardness can be

introduced from Fig. ･4. Namely, for the ascending portion of the curve,

                             log tr =';b-r aLlb <5)

is introduced, where a and b are constants. And for ehe descendiRg portion,

                             log t. ==B-AHI) (6)

holds where A and B are variables of graiR boundary strength.

   Fig. 5 indicates the creep rupture eloRgation. In all specimens the elonga-

tions decreased rapidly with hardness and the value of 2 percent began to

prevail at the same hardness region as that for the rupture time to start dec-

reasing.

3.4 Type of cra.cks fottnd in ruptured specimens

   W-type cracks were fottnd in specimens ruptured within, 100 hr, and R-type

cracks began to exist in specimens ruptured at around 300 hr and were dominant

at further pro-longed life. Therefore it can be said that the creep rupture is

caused by W-type cracks at short life within 100 hr, and by R-type cracks at

long life over 300 hr. An example of these cracks is shown in Photo. 1.

                              4. Discussion

    It will be assumed that creep rupture strength or time could be accurately

.calculated if the machanisms of both initiation and propagation of W-type c,rack

or R-type crack were known. At present, however, these mechanisms are not

expiained completely. Therefore detalied discussions on creep andcreep rupture

are avoided. The discussion here is aimed mainly to clarify the effects of grain

and grain boundary strengths on the creep rupture time from the standpoint

that the creep rupture strength are determined by these two strengths.

4.1 Creep rupture mechanism
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   Photo. 1 Microstructures of ruptured specimens.



    It can be concluded from the experimental results that the relation, log tr

 = b+aHb, ls always maintained if the grain boundary strength increases

adequately in comparison to the increase in the grain strength. This fact suggests

that specimens satisfied tke above relation all ruptured by the same mechanism

regardless of grain boundary strengths. 0n the other hand, it is also considered

that quite another mechanism operates in the specimens satisfied the relationship,

Iog tr nd- B - AHb. It is discussed here on these mechanisms.

4.1.1 Mechanism operating for the relationship of log tr -- b+ aHb

    The linear relationship shown in Fig. 4 was held from several hours to

around 800 hr. Cracks at grain boundaries observed were W-type at shorter life

and R-type at longer }ife. At intermediate life both types were fottnd. These

cracks found in one specmen were large in number. This fact indicates that

the time to rupture is controlled by the growth rather than the nucleation of

cracks and that the growth mechanism is tke same in both types. Therefore

the nucleation of cracks are not discussed from now.

    Many investigations have been carried out on the growth mechanisms of W-

type and R-type cracks. Zeneri2) proposed at first that the nttcleation and the

growth of a W-type crack was caused by grain boundary sliding. After that,

the creep rupture mechanism and the rupture life were studiedi3)i4) on thebasis

of Zener mechanism. It can tkerefore be assumed that the growth of W-type

crack is due to grain boundary sliding.

   Two essentially different views have been proposed to describe the growth

of R-type cracks. The diffusion growtlt modelsi5)i6) consider the crack to be fed

by a flux of vacancies generated in the grain boundary by the applied tensile

stress; the other vlewi7)i8) is the deformation growth model. This assumesthat

the cavity behaves as a skear crack, which grows by grain boundary sliding.

Both viewpoints owe thier viability to certain key experimentsi9)N2i) which appear

to support one mechanism and exclude the other.

   Recently, however, Evans22) proposed the new idea supporting the deform-

ation growth model and explained successfully the experimental results which

could not be explained by the old deformation g,rowth model.

   In view of the studies mentioned above, and the results obtained in this

experiment, it is prop-er to conclude that both W-type and R-type cracks grow

by grain boundary sliding and that the rupture in the region shown by the

relation log tr=b+aHb occurs by the growth of W-type cracks or R-type

cracks.

4. 1.2 Mechanism operating for the relationship of log tr = B - AHb

   In this region all specimens tested ruptured by W-type cracks, which were
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scarcely observed near the ruptured parts. In addition, the rupture elongation

were all very low as described previously. Therefore it can be assumed that

cracks nucleated at the grain bottndary propagated rapidly to rupture. In con-

clusion, the creep rupture may controlled by the initiation of a W-type crack.

4.2 Estimation of rupture tiine

4.2.1 Expression for rupture time .controlled by ehe growth of a crack

   Langdoni2) introduced the following expression of the rupture time applying

Cottrell's equation23) on the equilibrium length of the crack at brittle fracture

to a crack produced by creep.

                     t. ,,. {8r, (1 nv g)r(2Cfr) ]'S-.mim.,S,, <7)

where v, G, bgb, Cfr, D and r are Poisson's ratio, modttlus of rigidity, rate of

grain boundary sliding, crack length at fracture, grain diameter and surface

energy of crack, respectively. On the other hand, the expression for the rupture

time caused by R-type cracks grown due to grain boundary sllding has not yet

been proposed. Only the relation between the rate of grain boundary sliding

and the growth rate of R-type cracks were found by Evans.22) That is,

                 ddlt =[1--"""(slGwwr ")an21-g2';h)-'Dsgb, (s)

wkere l, 6n and h are crack length measured to the direction of grain boundary

sliding, normal stress and thickness of crack, respectively. For simplicity,

assuming tltat the thickness h is very small relative to the length l, that is,

hllks O, the unstable crack length was expressed by l == 8Grlrr(1 - v)a,t222). Nere

the assumption that the rupture would occur when the crack length reaches to

the unstable crack length is made. Then the expression of the rupture time is

given from Eq. (8).

                                 4Gr l 1
                          t" trf r,(1 ua v)a.2'IZii' bwwgb ' (9)

Eqs. (7> and (9) are for the rupture time deterrnined by the growth of W-type

and R-type crac,ks, respectively. Since the rate of grain boundary sliding is

nearly proportional to the minimum creep rate2)25), e' gb is given by,

                               ggbfs aS"t, (10)

where a is constant. It is appareRt that Sm is the factor associated with grain

strength. Therefore the following equations are obtained, expressing only in



terms of r, Sm and constants.

                                          i            For W-type crack trfsKwr2Sm-i. (11)
            For R-type crack trTs KR rSm"i. (12)

   Next the relationship between L-m and proof stress ap must be obtained.

Cottrel125) proposed that creep strain rate S is given by

                         s ::-=- c exp(-V(a2T- a)'i], (i3)

where ic and T are Boltzmann's constant and absolute temperature, and C, ao,

Vare constants. In this equation it was reported that n equals unity when

dislocations moves through the partlcles distributed uniformly in matrix24). In

this investlgation too, the conditions are considered to be similar to that de-

seribed above because specimens were all age-hardened by precipitates formed

at random in matrix. Then in Eq. (13) the term Vtro is the activation energy

which dislocations must overcome. When tensile test is carried out at room

temperature where the effect of heat perturbation is negligibly small, the stress

for the specimens to deform plastically must at first be applied so that disloca-

tions can overeome the barrier of the activation energy Vtro. Namely the plastic

deformation occurs when the applied stress a reaches to tke value which satisfies
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Y(ao - a) = O. Tlten this stress is apparently the proof stress Gp of specimens,

that is, ap =ao. And replacingSby km gives

                       s., ==cexp [- V(a,oT- a) ]. a4)

Substituting ap = bo ÷ aoHb into Eq. (14),

                      s,. =ct exp(- V(aol,lilT-a)] (is)

is obtained. The above relationship was in good agreement with the experi-

mental data shown in Fig. 6 whick could be obtained in CRK22 and 21Cr-12Ni-

O.3C-O.4N steels26). Substituting Eq. (15> into Eqs. (11) and (12), andassuming

a and T are constants, the following equations can be obtained.

                                        i            For W-type crack trAKvvr'2'eBffv. (16)

            For R-type crack tr st KRre3Hv. (17)
Eqs. (16> aRd (17) are found to be the same as Eq. (1>.

4.2.2 Expression for rupture time controlled by the nucleation of a crack

   Yokobori27) proposed that the rupture time can be expressed in terms of the

probability of the nucleation of a crack, m, when the rupture is determinedby

the nucleation o'f a crack as in glass. The probabiliey 7n and the rupture time

are given by,

                    m=:= AoT exp(- 4,TF)sinh(?Sa), (is)

                    tr " 117)Z

                      == iT exp ({,liTE--) sinh (- esa), (lg)

where AF and a are the activation energy for the nucleation of a crack and

applied stress. And Ao, Bo are constants. Since BoaffiT>1 under the usual

testing conditions, Eq. (19) becomes approximately,

                       tr == AiT exp(A"l7 ziTBoa). (2o)

Assuming that d17 is nearly proportioRal to r,

                              dFftf aor (21)
is obtained wltere ao is constant.



32

c

tf

A

f
6

M. KOBAYASHI

b

7!
d

B st Grain boundary

,Ft)

Fo}d formation

No. 35

         a
         "

Fig. 7 Stress concentration at tripple points

      due to grain boundary sliding.

   It will be considered next on the relation between Eq. (20) and grain

strength or proof stress. Here grains a, b, c and d which have the proof stress

of ap are taken as illustrated iR Fig.7. Further it is supposed here forsimplic-

ity that grain boundary slidiRg occurs only along the graiR boundary AB.

Then the stress ac at the tripple point A or B is inc,reased by the stress con-

centration when grain boundary sliding occurs. The stress ac are relieved by

the local plastic deformation or the fold formation in the grain aor c. There-

fore the stress conceRtratioR increases with the increase in the proof stress of

grains. Consequently, it is considered that the extent of the stress concentra-

tion at the tripple poiRt is proportional to the proof stress of the specimen.

Na.mely, the stress concentration factor q is .criven by,

                           q = acla == qiap,

and hence ac =qiap a, (22)
where qi is constant. Since the nucleation of a crack is determined by the stress

ac, a in Eq. (20> is considered to be ac. Then substituting Eqs. (21) and <22)

into Eq.(20), the rupture tirne is given by,

                       tr fuAiT exp ( evOr -rcBToq16pa ).

In view of ap==bo+aoHb and supposing T and a are constaRts, the rupture

becomes

t. f f Ke("or-BoHe),

time

(23)



  Effects of both Grain and Gra{n Boundary Strengths on the Creep Rupture Strength 33

wltere Ki, ao and Po are constants.

   Tlte above expression of tr is the same as Eq. (2) obta!ned by the exper-

imental data.

4.3 Effects of the styengths of grains and grain boudaries on the creep rupture

  time
   To clarify effects of these factors on the creep rupture time, Eqs. (16), (17)

and (23) are expressed by logarithm as follows.

                   Iog tr T¥ log Kpy÷i!- logl+PuUb, (24)

                   log trfflog KR -l- log r+PHb, (25)

                   log trftJ log Ki+evor-i9ollb. (26)

From Eqs. (24) and (25) it is apparent that the effects of r, Kvv and KR are far

smaller than that of 11lv since r,KTv aRd KR are expressed by logarithm. There-

fore Eqs. <24) and (25) caR be cornbined to the following equation.

                   Iog trk log Kc -t- Ac logT+ i9Hb. <27)

On the other hand, from Eq. (26) it is recognized that these two factors are

both important under the condition where the rupture time is determined l)y

the nucleation of a crack. This explaines well the results for the d･escendiBg

portion of curves shown in Fig. 4.

   The relationship betvgTeen Llv and r where the peak rupture tirne appears

can be obtained by putting the right hancl side of Eq. (26) equal to that of

Eq. (27), that is,

          log Ki + ao7' - BoNb m log Kc + Ac log r+ ,8Hb.

Neglecting log r since 1 > log r, then

                    r fw gif1:,{(S + Po)Iib + log (KcfKi)} (28)

is obtained. Fig. 8 shows qualitatively the relationship between tr, HV and r

obtained from Eqs. (26) and (27). Then ffb-r plane can be divlded into two

regions by the line ll' whick expresses Eq. (28>.

   Here A is the region wkere Eq. (27) holds; the growth of cracks determines

the rupture and the effect of the grain strength on the rupture strength is far

greater than that of the grain boundary strength. On the contrary, B is the

region where Eq. (26) can be applied; the nucleation of a crack determines the

rupture and the strengthening of the grain boundary contributes very much to
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            Fig. 8 Schematic representation of the
                  and grain boundary strengths on

the improvement in the rupture strength and

streRgth results in the decrease in the rupture

   Now the strengths of graiR and grain

be given as point a, b or c as shown in Fig. 8.

a is considered. The improvement in the creep

described following:the grain strengtk must be

rupture time increases from at to at'. Next both

ary can be strengthened at the same time along

by point b is next taken. Tke creep rupture

following procedures : firstly the grain boundary

b'. This leads to the increase in the rupture time

both strengths must be increased alon.cr ll'. For

strength of the alloy given by point c, it is

graiR boundary are both strengthened along ll'

                             5. Cenclusions

    In the present paper, the effects of both

boundaries on the creep rupture time of 21-12N,
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tlgated. The results obtained are summarized as follows:

   1) With 21-!2N steel the effects of both stregths on the tirne to rupture

could not be found, since various specimens which have a wide range of hardness

could not be obtained and great variations iR grain strength or hardness took

place during test at 70oOC.

   2) On the other hand, in CRK22 steel the distinct effects of these strengths

on the c, reep rupture time couid be obtained because of no change in hardness

during test. Therefore the experimental expressions for the time to ruptttre

were given by log tr= b+ affb for lower hardness region, where a aRd b are

constants. And for higker hardness region, log tr =B-Affb, where A and B

are variables of tke grain boundary strength.

    3) The expression for lower hardness region can be obtaiRed on the assump-

tion that the creep rupture ascribes to the grewth of cracks due to grain

boundary sliding and that the proof stress is proportional to the activatioR

energy of creep. That for higher hardness region can also be obtained on the

assttmption that the Rucleation of a crack determines the rupture of specimens

and that the stress concentration at a tripple point of grain bouRqary increases

proportionally with the proof stress.

   4> After all wken specimens possess suflicient grain boundary strength, the

iRcrease in grain strengtk Ieads straigktly to the improvement in the rupture

strength. On the contrary, when tke strength of grain boundaries is relatively

lower than grains, tlte strengtkening of grain boundaries has a marked effect

on the improvement in the rupture strengtk, which is inclined to decrease with

the increase ln grain strength. In order to improve the creep rRpture strength,

there£ore, it is desirable firstly to investigate fully the relationship between

both strengths.
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