
quality control 

Reliability of high-strength components subjected 
to  severe functional conditions is known to be greatly dependent 

on the quality of machined areas. Fatigue failures almost 
always nucleate on or near the surface. 

Enter-process control for surface integrity. 

a new parameter of process control ... 

surface integrity can affect 
reliability of your 

high -strength parts 

By Michael Field, Pres~dent ,  Metcut Research Associates, Inc., Cincinnati, Ohio 

The quality of a machined surface 
is becoming more and more  important 
in satisfying the  increasing demands of 
performance and reliability. Aerospace 
structures, for  example,  are being sub- 
jected to  more  severe conditions of 
stress, temperature and hostile envi- 
ronments while, at the  same time, 
section size is decreasing due t o  de- 
mands for weight reduction. 

Modern production methods,  both  
conventional and electrically assisted, 
have been developed t o  process the 

:: ; ::;7:::.:.: .. .1> highest strength and high-temperature 
alloys which have evolved in recent 
years. As these high-performance ma- 
terials have become more difficult to 
machine, advanced designs have neces- 
sitated closer dimensional control.  The 
difficulty in working these high- 
strength materials and the  sensitivity 

of component surfaces inherent in 
many processing operations brings the 
need for careful attention to finished 
surfaces critically into focus. 

What Is Surface Integrity? 

Surface integrity has two important 
parts. First is surface texture which is 
a measure of surface roughness or 
topography. Second is surface rnetal- 
lurgy which is a study of  the nature of 
the surface layer produced in machin- 
ing. Both aspects are important 
because, in many cases, they control 
the strength and performance of struc- 
tural components.  

Surface integrity can be defined as 
the inherent or enhanced condition of 
a surface produced by machining or 
other generating operation. When a 
component is machined, the surface 
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Gentle Conditions 
Surface Finish: 4 5 A A  

Conventlonal Condittons 
Surface Flnish: 4 0 A A  

Abustve Condttions 
Surface F l n ~ s h  5 0 A A  

Gentle sr lndins DrOduced no vislble i I 
surface - alterations. Conventlonal 
grlnding shows evldence of  spotty 
surface rehardenlng and underlylng 
overtemperlng or  soften~ng. Abusive 
grlndlng Produced a rehardened sur- 
face layer averaging 0.001-inch deep 
and an underlylng overtempered zone 
approximately 0.004-~nch deep. 

002 006 010 

Depth Beneath Surface, In  

Fig. 1. Surface characteristics of A / S /  4340 (quenchedand tempered, 5 0  Rcl produced by  grind~ng. 

Abusive condit ions Photomlcro- .i._-.d Gentle ' 
graphs at lOOOX ( le f t )  and 250X 
(right) showtng w h ~ t e  rehardened 
patches o f  rnartensite. The Interval o f  
the patches corresponds t o  the feed 
o f  the cut t lng tool. Thln zones of  
overtempered rnartensite 0.001-inch 
deep, w i t h  hardness as l o w  as 46  Rc, 
are found  beneath each patch. 

Depth Beneath Surface. In. 

Fig. 2. Surface characteristics of AISI 4340 lquenchedand tempered, 5 2  Rcl produced by face milling. 
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TABLE l / ~ u m r n a r  o f  p o s s i b l e  s u r f a c e  a l t e r a t i o n s  
e n c o u n t e r e d  Ly  m e t a l  r e m o v a l  p r o c e s s e s  

Conventional 
Meta l  Remova l  Methods  

N o n t r a d i t i o n a l  
R e m o v a l  Methods  

ECM 
& CHM Grtnd lng  E D M  

Steels 

Nonhardenab le  I < o t ~ q t i ~ i c > s  
(1018)  P l , ~ s t ( ~  f1eIn1 r i i  

Lap5 drid tears 

Hardenable ( a l l o y )  Rougtiness 
(4340)  (D6ac)  P las t~c  D e f o r m  

Laps a n d  tears 
M i c t o c r c l c k r  
U n t c n i p  M d i t  
OV~~IPIIIII Mar 

T o o l  steel. 0 2  Rouqht iers 
I%stic 1)efotn i  
Laps a n d  teats 
MI (  rOc ia iks  
IJriterrir l  Mdr t  
Over te t i i p  M,lr 

l i r ~ l ~ q l i n e s s  Roughness 
P l a s t ~ i  O e t n r n ~  Mlc roc racks  

Recast meta l  

Roughness 
Selective e t c h  
lntersranular  a t tack  

- 

R o u y l i r i c ~ s  Roughness 
P las t~c  DPIU~ n i  M lc roc racks  
Mlcroc racks Recast Meta l  
IJr i lernp Mat t  U n t e m p .  Mar t .  
O v r r t e n i ( ~  Mart  Overternp.  Mar t .  

Roughness 
Selective e tch  
lntergranular  a t tack  

-- 
Rougt inrss Roughness 
P las t~c  o c l o t  m Mlcroc racks  
M t < r o c l a c k s  Recast m e t a l  
U n t e t n v  M d l t  Un temp.  Mart .  
Overternp Mart  Over temp.  Mart .  

Roughness 
Selective e t c h  
lntergranular  a t tack  

Houghne55 Roughness 
Plast lc Llelor m Mlcroc racks  
Mlcrocrack5 Recast m e t a l  
U n t e n i p  Mart  Un temp.  Mar t .  
( lver ternp Mart  Overtemp. Mart .  

Stainless 
( rnartensi t ic)  

(410)  

Rougtiriess 
Plastlc D e f o r m  
Laps  a n d  tedrs 
Mtcrocr,>cks 
U n t e n i p  Mar t  
Over tc inp  MJr  

Rouyhness 
Pldstlc D e f o r m  
Ldps  a n d  teais 

Roughness 
P l a s t ~ c  D e f o r m  
Laps a n d  tears 
Overaglrig 

Roughness 
selective e tch  
lntergranular  a t tack  

Rougtir iers Roughness 
Plastic D e f n r r i i  M tc roc racks  

Recast m e t a l  

Roughness 
selective e t c h  
lntergranular  a t tack  

Stainless 
(austenl t lc)  

(302)  

Prec ip l ta t lon  
hardenlng 

( 1 7 4 P H )  

Roughness 
Plastic D e f o r m .  
Overagtng 

Roughness 
Mic roc racks  

' Recast m e t a l  
* Overaging 

Roughness 
Selective e t c h  

Roughness 
Recast m e t a l  

Maragtng ( 1 8 %  N i )  Roughness 
(250 Grade) P l a s t ~ c  D e f o r n l  

Laps a n d  tears 
Reso lu t lon lny  
Overaylny 

Rouytiness 
Plastlc D e f o r m .  
Hesolutloricriy 
Overaqlng 

lntergranular  a t tack  

N i c k e l  a n d  c o b a l t  
base a l loy  

l n c o n e l  7 1  8. Rouytlness 
R e n d 4 1 ,  H S  31. Ptastlc D e f o r m  
IN 1 0 0  Laps  a n d  tears 

M ic roc racks  

Roughness 
Plastic D e f o r m .  
MIcrOCracks 

Macrocracks 
Recast m e t a l  ln tergranular  a t tack  

T i t a n i u m  a l l o y  

T i 6 A 1 4 V  Houyl lness 
Plasttc D e f o r m  
Laps  a n d  tears 

Re f rac to ry  a l l o y  

M o l y  T Z M  Rouqlit iess 
Laps  a n d  tears 
M lc roc racks  

Rouyhne55 Roughness 
Plar t lc  De fo r  rn Macrocracks 
Microcracks Recast m e t a l  ln tergranular  a t tack  

Roughness 
Selectave e t c h  
lntergranular  a t tack  

Roughness 
Selectwe e t c h  
Mlcrocracks 
Intergranular  a t tack  

Rouyhriess Roughness 
Mlcrocracks M ic roc racks  

Roughness Roughness 
M ~ c r o c r a c k s  Macrocracks 

Tungsten Kouqt iness 
(pressed a n d  Laps  a n d  tears 

sintered) Macrocracks 

A b b r e v t a t ~ a n r :  U n t e n i p .  M a r t .  Unternpered Martensl te 
Plast l r  D e f o r m  Plasttc I )eforrnat~i ,n Overternp.  Mart . -Overtempered M a r t e n v t e  



surface integrity 

may contain ~iietallurgical a l t e r  d 1 1011s. 
They are generally shallow, usually 
0 .0002 to  0 .006  inch deep.  

Types of Surface Alterations 

Surface alterations associated with 
conventional and nonconventional 
metal rernoval practices include the  
following types :  

1. Plastic deformation resulting 
from hot  o r  cold working. 

2.  Tears,  laps and crevice-like 
defects associated with the  "built-up 
edge" produced in machining. 

3. Recrystallization. 
4. Changes in t he  surface layer 

hardness. 
5.  Phase transformations.  
6. Intergranular at tack and prefer- 

ential solution of microconsti tuents.  
7. Microcracking and macro- 

cracking. 
8. Residual stress distribution in 

t h e  surface layer. 
9. Embrit t lernent by chemical ab- 

sorption of elements.  
10. Spat tered  surface deposit ion of 

remelted metal  during electrical 
discharge, electron beam o r  laser 
machining. 

Possible surface alterations encoun-  
tered in bo th  conventional and non- 
traditional metal  rernoval methods  are 
summarized in Table 1 .  ' 

Conventional Machining Operations 

A variety of surface layer changes 
can occur  as a function of gentle 
versus abusive machining. In chip re- 
moval operations t h e  term gentle can 

he applied to those employing machin- 
ing conditions that provide long tool 
11fe 2nd use a s11ut.p tool .  Abusive chip 
rernoval conditions,  in contrast ,  are 
those in which a dull tool is used. 

I n  surface grincling, gcritle condi- 
tions relate to  those in which the 
grinding wheel is kept sharp,  while 
ah~r .r iw conditions relate to  those 
which promote  wheel dulling. ?'here 
are four parameters which affect 
gentle o r  a b u s ~ v e  grinding: wheel 
grade, wheel speed, downfeed and 
grinding fluid. Gentle and abusive con- 
ditions in surface grinding and face 
milling of steel and t i tanium are indi- 
cated in Tables 2 and 3 .  

Important surface alterations result- 
ing from grinding 4 3 4 0  steel, 5 0  l i c ,  
are illustrated in Fig. 1 .  Using gentle 
conditions, as  in Table 2 ,  no  riietal- 
lurgical alterations were present. When 
abusive grinding conditions were em- 
ployed, however, a 0 .00  1 -inch deep 
unternpered martensite layer was pro- 
duced. Below this layer was an over- 
tempered martensite zone approxi- 
mately 0 .004 inch deep.  The  untem- 
pered martensite had a hardness of 6 0  
Rc, while the overternpered zone had a 
reduced hardness of 4 6  Rc. 

Under conventional grinding condi- 
tions a shallow untempered martensite 
zone was produced by overheating. 
Abusive drilling and milling (Fig. 2) of 
4340  steel, SO Rc, also tended to  yield 
an untempered martensite zone with an 
underlying overtempered area. 

The presence o f  either untempered 
o r  overtempered martensite o n  the  
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sur face  integrity 

O r ~ l l l n g  4340.  51 R c ,  with dull  drill. E D M  oil 0 2  tool steel, 61  Rc.  
Wliltc (untcrnpered martenslte) layer. Hedeposlted metal on surface. 

Heamlny 4340 .  53  R wtth d u l l  reamer. E C M  o f  Waspaloy. aged, 40 Rc. 
Tears f rom buc;lt-up edge. lntergranular attack. 

F ig .  3. Surface alterations produced by  abusive nwchining 

surt'ace o f  high-strength s teels  is e x -  
t r emely  c lc~ t r - r r~~en l ;~ l  lo fa l igue  s t reng t  h 
a n d  strcss  c o r r o s ~ o n  s ~ ~ s c e p t ~ h ~ l i t y .  

Wl1c.11 ; ~ l ) ~ l s ~ v c  d r ~ l l j n g  was d o n e  o n  
aged 1 X-percent nickel  marag ing  s tee l ,  
5 2  Kc, a n  ovel-aged reso lu t ioned  l ayer  
0 .001  rricti d e e p  was p r o d u c e d  a t  t h e  
suri'ace. Iial-tiriess of t h e  layer was 
37 K c .  

A l ~ u s ~ v c  111illing 01' T - O A  I -4V p r o -  
duced  a n  over l~cr i t cd  sur face  1;lyei 
a h o u t  0.00 1 5  inch  dec'p arid 1 2  p o i n t s  
softcr tlian t h e  base rlietal. Abusive 
n);tchintiig can  also p r o d u c e  c racks ,  
laps a n d  [ca r s  o r  crevice-like t iefects .  

Nonconventional Machining Processes 

l : I cc t  r1ca1 discharge rnachinjng 
(I.:I>M) t e n d s  t o  p r o d u c e  a su r face  
wlljc11 contalnb a layer of  recast spa t -  
tered metal  'fills meta l  is usually ha rd  
a n d  p o r o u s  a n d  in many  cases c o n t a i n s  
cracks,  1'1g 3, which e x t e n d  i n t o  t h e  
base rilctal. Belc~w t h e  spa t t e red  a n d  
recast  riietal i t  is possihle t o  have  t h e  
s a m e  surface a l t e ra t ions  t h a t  o c c u r  In 
al~rls ive r ~ l a ~ , h l n l n g .  O t h e r  the rmal  pro- 
cesses such  as  c lec t ron  beam a n d  laser 
m a c t i i n ~ n g  t e n d  t o  p r o d u c e  t h e  sariie 
t y p e s  01' surface a l t e ra t ions .  

I~ lec t rochern ica l  n~ach in i r ig  (I'C'M) 
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surface integrity 

is capable of producing a surface essen- 
tially free of metallurgical surface 
1;iyer alterations. Ilowever, when 1TM 
goes o u t  o f  control  selective etching or 
intergranular at tack can occur and 
surface rougfiness is promoted.  A short 
circuit between electrode and walk 
can cause ext reme overheating a n d  
intergranular cracks. 

1;CM also lias a tendericy to  pi-o- 
duce a so f t  surface layer. Surf';lce 
softening of 0.001 t o  0 .002  inch deep 
can result in electropolishing and 
chemical milling. 

Residual Stress and  Distortion 

The machining process imparts 
stresses in the  surface layer and these 
have been found t o  strongly influence 
distortion. In grinding, the residual 
stresses tend to be tensile under 
abusive conditions.  By using gentle 
grinding conditions these stresses can 
be reduced in magnitude and may even 
become compressive. 

In milling, t he  residual stresses tend 
t o  be cornpressive. T l ~ e  ~ ~ ~ a g n i t u d e  of 
the  residual stresses and t h e  resulting 
distortion are also functions of the  
material being machined. 

Effect o n  Mechanical Properties 

The mechanical property most sen- 
sitive t o  machining is high-cycle 
fatigue strength.  Extensive investiga- 
tions on high-strength steels have 
revealed tha t  abusive grinding of 4 3 4 0  
steel a t  50 R e  can reduce its endurance 
lirnit by  35 percent with respect to  
low stress o r  gentle grinding. When 

abusive grinding there is a tendency to 
for111 patches of untempered rnarten- 
site ( U T M )  o r  over te~npered mar- 
t e n s ~ t e  (OTM) o n  the  surface. Very 
high reductions in endurance limit are 
also o b t a ~ n e d  by abusive grinding of 
nickel base alloys. 

111 end milling operations,  when 
using the  side of the  cuttcr thc ahusjve 
condition (primarily cutter dulling) 
tends to  significantly reduce fatigue 
strength.  I lowever,  when rnlllilig with 
the end of the cut ter  there is little 
difference Iwtwcen gentle and abusivt. 
conditions. 

E l e c t r i c a l  discharge niaclrin~ng 
produces a marked decrease in endur- 
ance limit when compared to  low- 
stress grindmg. There was little differ- 
ence 111 fatigue properties of roughing 
o r  finishing HDM conditions.  

5 lectrocheniical machining also 
causes a decrease in fatigue strength,  
hut not as great as that caused by 
EPM. 

Stress corrosion susceptibility of 
high-strength steels has been found t o  
be dependent on  thc presence of' u n -  
tempered or overtempered rnartensite. 
Testing for stress corrosion resistance 
is difficult as failures by this phenorne- 
non usually occur  over a period of 
months  o r  years. The  presence of UTM 
or  OTM, espec~ally in drilled or 
reamed holes, lias been found to be 
one  of the  major causes of delayed 
failure o n  high-strength steels. 

Reliability Improvement 

I t  is apparent that t o  maintain or 

Machine and Tool B L U E  BOOK 



improve the  reliability of high-strength 
hardware it is first necessary t o  have a 
knowledge of the  effects of surface 
integrity o n  the  engineering properties 
of t he  alloys being used. 

Marly companies are controlling 
machining conditions by adding pro- 
cess specifications t o  metal removal 
operations.  This is partictllarly inipor- 
tant when machining high-strength 
steels o r  when employing critical oper- 
ations such as EDM and ECM. 

Another method of insuring high- 
q ~ ~ a l i t y  surface integrity is shot peen- 
ing which yields a cold-worked com- 
pressive stress layer. Such a layer 
generally improves fatigue strength 
and stress corrosion properties. 

I t  is also irnportant t o  provide 
quality contro l  by inspection processes 
on  machined components .  Unfortu- 
nately, there is a limited number of 
practical nondestructive testing tech- 
niques available. 

There is also a need for more 
thorough identification of surface 
t o p o g r a p h y - i t  is necessary t o  

determine roughness over the entire 
surface. I n  structural applications the 
nature of the troughs on the surface is 
most important,  while in bearing appli- 
cations the nature of the crests on  the 
surface is more significant. 

Some work has been done correlat- 
ing surface roughness with bearing 
applications. Ilowever, little work has 
been done to  deterrnine the relation 
between surface roughness per se to  
fatigue properties and stress corrosion 
susceptibility of materials. 

Finally. there is evidence that ma- 
chining operations and 
face layer conditions 

initiation and crack 
and,  hence, fracture 
material. 

resultmg sur- 
affect crack 

propdgdtlon 
toughness of 

0 . 0  

(This articlr IS based or1 a paper presented 
by  tile alrttior at ttrr 18111 National SAMPE 
Symposium held in Ides Angeles.) 

For a single copy of this article, circle No. 5 
on reader information card. 

Shop Planning Kit 

A new questionnaire available f rom 
the DoALL Company makes shop 
planning easy. I t  provides a quick way 
t o  survey present shop facilities and 
simplifies t he  listing of proposed new 
equipment and  related accessories. 
Essential data for upgrading and 
e x p a n d i n g  shop  capabilities are 
organized by simply answering pre- 

planned questions. 
Three-dimensional templates can 

also be used t o  determine the  best 
arrangement of equipment within 
allotted shop space. The kit is keyed 
t o  the needs of a new tool  room, 
model shop, maintenance facility, 
mold or tool and die shop. 0 0 .  

For a single copy of this article, circle No. 6 
on reader information card. 
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